REMARKS 

In general, the present invention provides methods of treating, reducing, or 
preventing pain by administering to a mammal in need thereof a nucleic acid encoding a 
constitutively active mu opioid receptor in an effective amount. 

Sequence Listing 

Applicants enclose herewith a corrected sequence listing (paper copy and 
computer readable format) in accordance with 37 C.F.R. § 1.821 through § 1.825 along 
with a sequence statement. As required by the Examiner, the sequences are now 
consistent with the text of the specification. Support for these amendments is found, for 
example, in FIGURES 1,13, and 14. No new matter has been added by these 
amendments. 

The Office Action 

Claims 1-33 are pending. Claims 1-33 are rejected under 35 U.S.C. § 1 12, first 
paragraph. Claims 1 and 3 stand rejected under 35 U.S.C. § 1 12, second paragraph. Each 
of these rejections is discussed in detail below. 
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Rejection under 35 U.S.C. § 1 12, first paragraph 

Claims 1-33 stand rejected under 35 U.S.C. § 1 12, first paragraph for lack of 

enablement based on three asserted grounds. First, the Office states that "the 

specification fails to provide a correlation to therapeutic levels of expression of a nucleic 

acid encoding a constitutively active or hypersensitive mu opioid receptor in an in vivo 

setting in any subject having pain." Second, citing various references such as Verma et 

al {Nature (1997) 389: 239-242; hereinafter 'Verma'), Eck et al (Phar. Basis Ther. 

(1996): 77-101), Miller et al (FASEB 1 (1995) 9:190-199), and Iadarola et al 

{Molecular Neurobiology of Pain (1997) 9:337-359), the Office states that gene therapy 

generally is unpredictable and concludes that claims 1-33 are therefore not enabled. And 

third, citing Wang et al. {Life Sciences (1994) 54:339-350) and Sadee et al. {Analgesia 

(1994) 1:1 1-14) for the proposition that opioid dependence may result from Applicants' 

therapeutic approach, the Office states that there is a question as to "whether adding a 

constitutively active mu-opioid receptor via gene therapy would result in adverse effects 

including drug tolerance and withdrawal." For the reasons outlined below, each of these 

bases for the rejection are respectfully traversed. 

Turning first to the Office's assertion that in vivo experimental data must be 

presented in Applicants' specification, Applicants note that the case law does not support 

such a requirement. In this regard, the M.P.E.P. clearly states (emphasis added): 

An applicant need not have actually reduced the invention to practice prior to filing. 
In Gould c. Quigg, 822 F.2d 1074, 1078, 3 USPQ 2d 1302, 1304 (Fed. Cir. 1987), as 
of Gould's filing date, no person had built a light amplifier or measured a population 
inversion in a gas discharge. The Court held that "The mere fact that something has 
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not previously been done clearly is not, in itself, a sufficient basis for rejecting all 
applications purporting to disclose how to do it." 822 F.2d at 1078, 3 USPQ2d at 
1304 (quoting In re Chilowsky, 229 F.2d 457, 461, 108 USPQ 321, 325 (CCPA) 
1956)). 

Rather, the case law is clear that "[T]he specification need not contain an example if the 
invention is otherwise disclosed in such a manner that one skilled in the art will be able to 
practice it without undue experimentation. In re Borkowski, 422 F.2d 904, 908, 164 
USPQ 642, 645 (CCPA 1970)." Because Applicants' specification provides extensive 
enabling details concerning the administration of a gene encoding a constitutively active 
mu-opioid receptor for the purpose of treating, reducing, or treating pain in a mammal, 
Applicants submit that, in spite of the lack of in vivo working examples, the present 
specification is in compliance with the enablement requirement of 35 U.S.C. § 1 12, first 
paragraph. 

In particular, claim 1, from which claims 2-33 depend, is directed to a method of 
treating, reducing, or preventing pain in a mammal by administering a nucleic acid 
encoding a constitutively active mu-opioid receptor. The Office asserts that the 
specification fails to teach "how to construct an effective therapeutic viral or non- viral 
vector, which cells types are effectively targeted by which vector, how to deliver a given 
vector such that it reaches targeted by which vector, how to deliver a given vector such 
that it reaches targeted cells, or that any therapeutic level of expression could be achieved 
to effect a therapeutic response to any particular type of pain, in any particular tissue," 
Applicants respectfully disagree and point out that, at the time of filing, based on the 
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teachings of the specification, one skilled in the art could have readily practiced the 
claimed invention without undue experimentation. 

On this point, Applicants direct the Examiner's attention to the specification where 
various conditions that are amenable to treatment according to the methods of the present 
invention are listed at page 43, lines 12-21, including, for example, chronic back pain 
resulting from any etiology (e.g., fractures or metastatic diseases). The specification 
further provides ample guidance concerning the construction of nucleic acids encoding 
constitutively active mu-opioid receptors. Exemplary constitutively active mu-opioid 
receptors that may be employed according to the present invention are described at page 
44, lines 1-18. These receptors may be engineered into viral or non-viral vectors for 
administration to a mammal. Exemplary viral vectors include adenoviruses, retroviruses, 
adeno-associated adenoviruses, lentiviruses, papova virus-based vectors, herpes virus- 
based vectors, viral vectors that contain or display the vesicular stomatitis virus G- 
glycoprotein spike, Semi-Forest virus-based vectors, Hepadnavirus-based vectors, and 
bavulovirus-based viruses (see, for example, page 3, lines 18-19, page 43, lines 3-11, 
page 45, line 5, page 48, line 11). With respect to non- viral vectors, various methods 
useful for their delivery are also taught in the present application and include, for 
example, microinjection, calcium phosphate transfer, lipofection, asialorosonucoid- 
polylysine conjugation, electroporation, liposome, receptor-mediated endocytosis of DNA 
(see page 48, line 13, through page 50, line 1), and administration by an accelerated 
particle gene transfer gun (see page 51, line 11, through page 52, line 3). Although the 
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use of viral and non- viral vectors generally leads to protein expression in a vast spectrum 
of cell types, the specification discloses various methods that would provide effective, 
targeted delivery of the mu-opioid receptor nucleic acid to particular cell types. The 
specification teaches, for example, that retroviral vectors characterized by specific neural 
tropisms may be particularly useful. The therapeutic nucleic acids of the invention may 
also be delivered to a desired cell type using, for example, cell-specific ligands that target 
administration to a specific cell in the mammal being treated (see, for example, page 3, 
lines 19-20 and page 24, line 17, through page 25, line 15). Alternatively, tissue-specific 
promoters may also drive the expression of the constitutively active mu receptor in a 
specific cell type. 

The present specification further teaches that the mu-opioid receptor nucleic acids 
may be administered to the mammal being treated using a variety of routes, including 
administration intravenously, intramuscularly, intraperitoneally, subcutaneously, nasally, 
orally, by suppository, by transdermal patch, or by inhalation (see page 52, lines 4-9). 
The specification discloses that the nucleic acid is preferably administered to a site at 
which a therapeutic benefit is desired, including surfaces (e.g., skin or mucosal surfaces 
such as bronchial/nasal passages or the genitourinary tract) (see page 22, lines 2-9). For 
example, the specification specifically teaches that an adenoviral vector encoding the 
constitutively active mu-opioid receptor may be injected, for example, into the intrathecal 
space (see page 43, lines 7-11), or to target a specific organ, for example, the nucleic acid 
may be directly administered by injection to that organ (see page 21, lines 19-20). 
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With respect to achieving therapeutic levels of expression, Applicants note that 
dosage determination may be carried out routinely, using methods known as of the filing 
date. For example, the vectors encoding constitutively active mu-opioid receptors may be 
analyzed in order to determine both the levels of transgene product generated as well as 
the activity of the mu-opioid receptor produced, for example, in vivo. Based on such 
characterization, one skilled in the art may routinely determine an appropriate number of 
DNA molecules to administer using standard methods. Dosage may therefore be adjusted 
by, for example, administering more or less vector DNA in order to reach a known, 
therapeutically acceptable amount. In this particular respect, the specification states: 
"One skilled in the art will appreciate that the therapeutic composition is preferably 
administered at a unit dose sufficient to reduce or eliminate the symptoms of a disease or 
disorder in a mammal, and such a dose can be easily determined by one of ordinary skill 
in the art" (see page 4, lines 5-8). The activity of the constitutively active receptor of the 
invention may further be titrated to increase or decrease the level of receptor signaling 
(see page 25, lines 16-20). The specification further teaches that expression levels may 
be controlled by means of constitutive promoters, inducible promoters, or tissue-specific 
promoters (see, for example, page 26, lines 1-12). Exemplary quantities as well as 
suitable dose regimes are provided at page 52, line 10, through page 53, line 19. 

Furthermore, in terms of achieving high levels of expression, it was well known in 
the art at the time of filing that the use of adenoviruses in particular could result in both 
high expression of the protein product and a large number of cells being infected due to 
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the ability of the virus to infect non-proliferating cells. Despite its transient nature, such 
expression may be sufficient to treat or reduce pain and may even be advantageous in 
light of possible bio-safety concerns associated with long-term expression of a 
constitutively active mu-opioid receptor gene. Because the claims are not limited to 
single-dose administration, repeated, even indefinite, administration of a vector encoding 
a constitutively active mu-opioid receptor can be used to prevent and treat certain cases. 
Furthermore, it was well known in the art at the time of filing that the use of various 
improved techniques could also result in both sustained transgene expression lasting for 
months in most systems. Such techniques involve, for example, the use of "second 
generation" vectors or alternatively, the use of recombinant adeno-associated viruses 
(rAAV), which are taught in the present specification. Even the cited Verma reference 
states that long-term transgene expression can be achieved if the recombinant adenoviral 
vector is administered concomitantly with immunosuppressive agents or using second- 
generation 'gut-less' vectors, which can escape the immune system (page 241). 

In view of the above, Applicants submit that the present specification enables the 
currently claimed methods and provides guidance to those skilled in the art on how to 
carry out each and every step mentioned by the Office in making the § 112 rejection. 
This basis for the rejection should be withdrawn. 

Similarly, the Office's reliance on the general state of gene therapy is also an 
inappropriate basis for concluding that Applicants' methods are not enabled. To 
emphasize the unpredictability of gene therapy strategies, the Examiner cites Verma, in 
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which it is stated that "out of the more than 200 clinical trials currently underway, no 
single outcome can be pointed to as a success story." Citing various additional 
references, the Examiner attributes this lack of success to the various obstacles faced by 
gene therapy strategies, including the choice of DNA vector and the intricate regulation of 
gene expression in cells. Applicants respectfully disagree with the Examiner's position 
on the lack of success of gene therapy strategies and submit that the general treatment of 
pain in in vivo models using gene therapy strategies is in fact predictable. Applicants note 
that a number of studies using gene therapy strategies in animal models, including those 
generally taught in Applicants' specification, had been performed successfully at or 
around the time of filing of the application; some were even performed for the explicit 
purpose of treating pain. 

As evidence of this assertion, Applicants submit Exhibits A-D. In Exhibit A, 
Finegold et al {Human Gene Therapy (1999) 10:1251-1257) successfully demonstrated a 
marked reduction of chronic pain by a specific opioid receptor-mediated mechanism. In 
these experiments, administration of an adenoviral vector encoding a secreted form of the 
potent endogenous opioid (5 endorphin into the cerebrospinal fluid surrounding the spinal 
chord resulted in a marked reduction in inflammation-mediated hyperalgesia, a form of 
pain. The fact that gene intervention could be achieved at the level of the spinal chord 
indicates that pain resulting from a broad spectrum of disorders may be treated in a 
similar manner. Similarly, in Exhibit B, Braz et al {J. Neuroscience (2001) 21 :7881- 
7888) demonstrates that a recombinant herpes simplex virus encoding the rat 
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proenkephalin A-precusor protein, a precursor of opioid peptide involved in the control of 
pain, could be used to enhance enkephalin synthesis in sensory neurons of polyarthritic 
rats, thereby improving locomotion concomitant with a reduction in hyperalgesia. And 
Goss et al (Gene Therapy (2001) 8:551-556) (EXHIBIT C) demonstrated that 
transfection of neurons of the dorsal root ganglion in vivo with a herpes simplex viral 
vector encoding a proenkephalin gene could successfully elicit a pronounced anti- 
nociceptive effect (nociception being the sensation of pain). Moreover, in these 
experiments, while the antinociceptive effect diminished after four weeks, re-inoculation 
of the vector re-established the analgesic effect in the absence of any evidence of 
tolerance. Wilson et al (Proa Natl Acad. Sci. USA (1999) 96:321 1-3216) (EXHIBIT D) 
also provides evidence that pain reduction may be induced by gene therapy. In Wilson, a 
recombinant herpes simplex viral vector encoding proenkephalin, an opioid peptide 
precursor, was applied to the abraded skin of the dorsal hindpaw of mice, and shown to 
markedly reduce or eliminate the sensitization of the foot withdrawal response following 
the application of capsaicin or DMSO. This response was observed as soon as day 4-5 
post-infection and remained robust for at least seven weeks. In view of these studies, 
Applicants submit that there can be no question that a person of ordinary skill in the art 
could have practiced the present invention without undue experimentation using the 
teachings in the specification and standard molecular biology techniques. Moreover, 
given the success achieved with other gene therapy approaches for reducing pain, 
Applicants submit that in this field there is a high level of predictability for a positive 
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therapeutic outcome. This second basis for the rejection should also be withdrawn. 

The third and final basis for the enablement rejection focuses on the citation of 
Wang et al {Life Sciences (1994) 54:339-350) and Sadee et al {Analgesia (1994) 1:11- 
14) for the proposition that constitutive mu-opioid receptor activation may lead to 
increased opioid dependence. The Examiner raises the question of "whether adding a 
constitutively active mu-opioid receptor via gene therapy would result in adverse effects 
including drug tolerance and withdrawal" and concludes that the present disclosure is not 
enabling simply because "it cannot be predicted how long and how much constitutively 
active mu opioid receptor would be present in a cell if administered by gene therapy." 
This basis for the rejection should also be withdrawn. The fact that the present technique 
may have side effects is not germane to the issue of enablement. Indeed, most 
approaches to pain reduction entail some amount of drug tolerance, dependency, or 
withdrawal. Rather, all that is relevant is whether Applicants 5 specification teaches one 
skilled in the art how to carry out the claimed invention without undue experimentation. 
As indicated above, Applicants have satisfied this requirement of § 1 12, first paragraph. 

The § 1 12, first paragraph rejection should be withdrawn. 

Rejection under 35 U.S.C. $ 1 12, second paragraph 

Claims 1 and 3 stand rejected under 35 U.S.C. § 1 12, second paragraph, as being 
indefinite. 

The Office asserts that the term "sufficient" in claim 1 is unclear given that the 
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phrase "disease-inhibiting amount" is vague and unclear and does not adequately describe 
what an "amount sufficient to treat" is. Applicants respectfully disagree and submit that 
one skilled in the art reading the specification would clearly understand that by the term 
"sufficient" is meant the amount necessary to treat, reduce, or prevent pain in the 
mammal being treated. According to the definition of the phrase "disease-inhibiting 
amount" or "disorder-inhibiting amount" found at page 11, lines 7-14, this amount is the 
amount of nucleic acid encoding a constitutively active mu-opioid receptor that when 
delivered to a cell, tissue, or site is capable of reducing, delaying or stabilizing pain in a 
mammal. Applicants note that one of skill in the art may readily determine such an 
amount using standard approaches in the art, and accordingly this aspect of the § 1 12, 
second paragraph rejection should be withdrawn. 

The Examiner also finds the phrase "human equivalent" in claim 3 indefinite 
because it its unclear whether the claim is referring to a human equivalent of the specific 
mutation or a human equivalent of SEQ ID NO: 1. Claim 1 has been amended to specify 
that the "human equivalent" of the rat mu-opioid receptor corresponds to SEQ ID NO: 78. 
This aspect of the rejection may be withdrawn. 
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CONCLUSION 



Applicants submit that this case is now in condition for allowance, and such action 
is respectfully requested. 

Applicants draw the Examiner's attention to the Information Disclosure Statement 
that was submitted after the mailing of the first Office Action on June 16, 2003, and 
request that this Statement be reviewed and the Form PTO-1449 accompanying that 
Statement be initialed and returned with the next action. 

Enclosed is a Petition to extend the period for replying to the Office action for 
three months, to and including October 17, 2003, and a check in payment of the required 
extension fee. 

If there are any charges or any credits, please apply them to Deposit Account No. 



Clark & Elbing LLP 
101 Federal Street 
Boston, MA 021 10 
Telephone: 617-428-0200 
Facsimile: 617-428-7045 



03-2095. 



Respectfully submitted, 
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Rheumatoid arthritis is characterized by erosive inflammation of 
the joints, new bone proliferation, and ankylosis, leading to 
severely reduced locomotion and intense chronic pain. In a 
model of this disease, adjuvant-induced polyarthritis in the rat, 
neurons involved in pain transmission and control undergo 
plastic changes, especially at the spinal level. These changes 
affect notably neurons that contain opioids, such as enkepha- 
lins deriving from preproenkephalin A (PA) precursor protein. 
Using recombinant herpes simpjex virus containing rat PA 
cDNA, we enKance^ synthesis in sensory neurons 



of polyarthritic rats. This treatment markedly improved locomo- 
tion and reduced hyperalgesia. Furthermore, the progression of 
bone destruction slowed down, which is the most difficult target 
to reach in the treatment of patients suffering from arthritis. 
These data demonstrate the therapeutic efficacy of enkephalin 
overproduction in a model of systemic inflammatory and painful 
chronic disorder. 

Key words: proenkephalin A overproduction; dorsal root sen- 
sory ganglia neurons; polyarthritic rats; reduced hyperalgesia; 
improved polyarthritis-related disability; limited joint destruction 



Rheumatoid arthritis is a systemic autoimmune disease primarily 
manifested by chronic erosive inflammation of the joints associ- 
ated with intense pain (Pearson, 1956; Colpaert, 1987; Harris, 
1990). Its etiology is still unknown, but significant insights into its 
physiopathology have been obtained from experimental animal 
models. Although none of these models has all of the character- 
istics of the human disease, adjuvant-induced polyarthritis in the 
rat shares numerous behavioral and biochemical characteristics 
with rheumatoid arthritis (Pearson, 1956; CaJvino et al., 1987; 
Colpaert, 1987). 

Proenkephalin A (PA)-derived peptides are involved in the 
control of pain; and an antihyperalgesic action of overex pressed 
PA was reported recently in experimentally induced acute inflam- 
matory pain in the mouse (Wilson et al., 1999). Numerous data 
indicate that opioids, in addition to acting at central sites, mod- 
ulate pain and inflammatory processes by acting at peripheral 
sites (Stein and Yassouridis, 1997; Houghton et al., 1998). At the 
periphery, opioid peptides are thought to originate mainly from 
inflammatory cells (Schafer et ah, 1994); however, although PA is 
expressed in a relatively slight proportion of cell bodies of sensory 
neurons (Pohl et al., 1994), which are located in dorsal root 
ganglia (DRG), enkephalin-containing axons and terminals 
present within glabrous skin (Carlton and Coggeshall, 1997) and 
soft tissue of joints (El Hassan et al., 1998) might represent an 
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additional source of peripheral opioids. Interestingly, in polyar- 
thritic rats, PA expression drops in lumbar DRG that contain cell 
bodies of sensory nerves from hindlimbs (especially affected by 
the disease) (Pohl et al., 1997), and the levels of the main 
PA-derived peptide, met-enkephalin (ME), are reduced in the 
soft tissue of ankle joints (El Hassan et al., 1998). 

Altogether, these findings led us to assess whether PA overex- 
pression in sensory neurons of the hindlimbs could have a bene- 
ficial effect in chronically suffering polyarthritic rats. We used 
herpes simplex virus type 1 (HSV-l)-derived vectors, particularly 
suitable for transgene transfer into sensory neurons (Geller and 
Breakefield 1988; Davar et al., 1994; Smith et al., 1995; Goins et 
al., 1999). We demonstrated recently these vectors to be highly 
efficient to drive PA gene expression in DRG neurons of healthy 
rats (Antunes-Bras et al., 1998, 2001). Here, we generated recom- 
binant, rat PA cDNA containing thymidine kinase -defective 
HSV-1 vectors (HSVLatEnk) to prevent possible viral replication 
and spread. 

MATERIALS AND METHODS 

HSV'derived vector construction. The pLatEnk plasm id was constructed 
by subcloning under the Lat-long terminal repeat (LTR) promoter (Lo- 
kensgard et al., 1994) the rat PA coding region (derived from pYSEAi; 
Yoshikawa et al., 1984) into the ///ndlII-Eco47)lI-linearized pLat-LTR- 
LacZ vector (Antunes-Bras et ah, 1998). Thymidine kinase gene (UL^) 
in KOS HSV-1 DNA, bearing the Lat-LTR-LacZ transcriptional units in 
gC locus (Tk + HSVLat0-gal; Antunes-Bras et al., 1998), was disrupted 
by homologous recombination with p23d plasmid containing deleted 
UL^ gene (520 bp Nsi\ to Sad fragment). Tk~HSVLat0-gal was gen- 
erated by cotransfecting 5 fig of linearized p23d DNA, using the calcium 
phosphate precipitation method, with 5 /xg of HSVLat0-gal into Vero 
cells grown in 3X DMEM (Life Technologies, Gaithersburg, MD) con- 
taining 10 U/ml of penicillin and streptomycin, 7.5 mM sodium bicarbon- 
ate, 2 mM glutamine, and 10% fetal calf serum. Cell cultures were treated 
4 hr later with 15% glycerol (v/v) and incubated for 4 d at 37°C in M199 
medium (Life Technologies) until the cytopathic effect had spread 



7882 J. Neurosci.. October 15, 2001, 21 (20):7 88 1-7888 



Braz et al. ♦ Therapeutic Effect of Enkephalin Over expression 



throughout the cellular monolayer. Cellular debris were spun down, and 
new confluent Vero cells were infected with the resulting supernatant 
and incubated at 37°C in the presence of 10 /am acyclovir. Lysis plaques 
resistant to acyclovir were picked and separated in two aliquots. One 
aliquot was saved, and DNA was extracted from the second one and 
screened for the presence of deleted UL23 gene using PCR analysis. 
Thirty PCR cycles (96°C 1 min; 60°C 0.5 min; and 72°C 2 min) were made 
with 40 pmol of primers (primer A, 5'GCGCTCCTCGTACCAGC- 
GAAG3'; primer B, 5'CCAGCGTCTTGTCAT TGGCG3') (Fig. 1) in a 
mixture containing 10 mM each dNTP, 25 mM MgS0 4 , and 0.5 U of Tag 
DNA polymerase (Eurobio, Les Ulis, France), in ix reaction buffer 
containing 2.5% formamide. Single plaque-isolated Tk ~HSVLat0-gal 
(HSVLat0-gal) were then amplified on Vera cells. HSVLatEnk was 
generated by pLatEnk DNA homologous recombination with HSVLat^- 
gal DNA in Vero cells as indicated above. Recombinant HSVLatEnk 
were isolated by PCR analysis and purified by successive limiting dilu- 
tions. The presence of both the disrupted TK gene and the Lat-LTR- 
pEnk transcriptional unit (primer 1, 5'CTGACTGTGTTTCTGTAT- 
TTG3'; primer 2, 5TAGCCAAGAAGTATGGAGGG3'; primer 3, 
5'TGATAGTCCATC CACCACTCG3') was confirmed by PCR analysis 
(using the same experimental protocol as above) on purified HSV- 
LatEnk DNA obtained from plaque isolates (Fig. 1). Finally, HSV- 
LatEnk DNA was further analyzed by Southern blot hybridization with 
[ 32 P]-labeled cDNA probe corresponding to the entire coding region of 
rat PA mRNA (Fig. 1). Briefly, 10 fig of purified HSVLatEnk DNA, 10 
fig of HSVLat/3-gal, and 0.1 fig of pLatEnk plasmid DNA were BamH\ 
digested and separated on 0.8% agarose gel. After DNA denaturation 
and gel neutralization, DNA was electrically transferred onto Hybond N 
nylon membrane (Amersham Pharmacia Biotech, Uppsala, Sweden). 
After prehybridization (3 hr, 42°C) in 50 mM sodium phosphate buffer, 
pH 6.5, containing 50% formamide, 0.5% SDS, 5x SSC, 5x Denhardt's 
solution, and 0.2 mg/ml denatured herring sperm DNA, the blot was 
hybridized overnight at 42°C in the same solution with —1.5 x 10 6 
cpm/ml [ 32 P]-labeled cDNA probe. Membrane was gradually washed 
with 2x SSC containing 0.5% SDS at room temperature and then at 
45°C, followed by 0.1% SSC at 65°C The blot was finally exposed to x-ray 
film (Hyperfilm MP; Amersham Pharmacia Biotech) for 3-5 hr at room 
temperature. 

HSVLatEnk and HSVLat0-gal were concentrated by ultracentrifuga- 
tion (50,000 X g; 4°C; 1 hr). Viruses were resuspended in 10% sucrose, 
and their titers were determined using standard plaque assay on Vero 
cells. The HSVLatEnk and HSVLat0-gal titers were of 5 x 10 8 pfu/ml 
and 2 X 10 9 pfu/ml, respectively. Functional efficacy of HSVLatEnk was 
characterized in vitro on either Vero cells or human neuroblastoma cells 
(SK-N-MC) by searching for the presence of PA encoding mRNA and 
ME-like material (MELM) in both infected (with either HSVLatEnk or 
HSVLat/3-gal) and uninfected cells. Briefly, 48 hr after infection of cells 
at a multiplicity of infection of 1, total RNA was extracted using the 
acid-guanidinium method (Chomczynski and Sacchi, 1987) and treated 
with DNase. RNA was then recovered by phenol -chloroform extraction 
and ethanol precipitation. Proenkephalin A mRNA was detected by 
reverse transcription (RT)-PCR on OS fig of total RNA according to the 
Access RT-PCR system instructions (Promega, Madison, WI) using 40 
pmol of each PA-specific primer (5TAGCCAAGAAGTATGGAGGG3'; 
and 5 'G ACTATCAGGTAGGTGGTG AGC3 ' ). Synthesis of ME-like ma- 
terial was revealed using iramunohistochemistry with a monoclonal an- 
ti-ME antibody (1:1000; Valbiotech, Paris, France). Forty-eight hours after 
infection, cells on poly-D-lysine-coated coverslips were fixed with 4% 
paraformaldehyde in PBS at room temperature. After washing, cells 
were preincubated in PBS containing 0.1% Triton X-100 and 6% normal 
donkey serum (Jackson ImmunoResearch, West Grove, PA) and then 
processed as described in the protocol for immunohistochemistry (see 
below). 

Animals and treatments. All experiments were performed in accor- 
dance with institutional guidelines that are in compliance with national 
and international law and policies for use of animals in neuroscience 
research (Council directive number 87848, Ministere de F Agriculture et 
de la Forfct, Service V6t6rinaire de la Santd et de la Protection Animate). 
All animals were maintained under the same conditions (22 ± 1°C; 60 ± 
10% relative humidity; 12 hr light /dark cycle; food and water available ad 
libitum). Polyarthritis was induced by an intradermal injection at the base 
of the tail of 0.05 ml of Freund's adjuvant (Gouret et al., 1976) in 
6-week-old male Sprague Dawley rats. In addition to healthy animals, 
three homogeneous groups of polyarthritic rats were constituted and 
deeply anesthetized with chloral hydrate (400 mg/kg, i.p.) for virus or 
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Figure 1. Schematic representation of recombinant HSVLatEnk vector 
and its molecular characterization. Thymidine kinase gene (UL23) in 
KOS-derived Tk + HSVLat£-gal DNA [bearing 0-galactosidase reporter 
gene downstream of the Lat-LTR promoter inserted into the gC locus 
(Antunes-Bras et al., 1998)] was disrupted by homologous recombination 
with p23d plasmid DNA containing Nsil to Sad deleted HSV TK gene to 
generate TK-negative HSVLat/3-gal vector (HSVLat0-gal). HSVLatEnk 
recombinant was then created as described previously (Antunes-Bras et 
al., 1998), by inserting Lat-LTR-pEnk transcriptional unit into the gC 
gene of HSVLat/3-gal by homologous recombination. Purified HSV- 
LatEnk DNA was analyzed by PCR, and subsequent PCR products were 
separated on ethidium bromide-stained 1 .2% agarose gel for the presence 
of both the TK-deleted gene and the Enk transgene. Positions of respec- 
tive primers used are indicated on the diagram. Lanes 1 and 6 show the 
Lambda DNA/Hmdlll-fcoRI and 100 bp molecular weight standards 
(given in kilobases), respectively. Lane 2, Approximately 1.8 kb PCR 
product generated by amplification, using primers A/B, of wild-type HSV 
DNA; lane 3, —1.3 kb PCR product generated using the same primers 
A/B on HSVLatEnk DNA. Lanes 4 and 5 show the PCR amplification 
products obtained with the set of primers 1/3 and 2/3 on HSVLatEnk 
DNA, respectively. HSVLatEnk DNA was further analyzed by Southern 
hybridization. Ten micrograms of HSVLat0-gal DNA (lane 7), 10 u,g of 
HSVLatEnk DNA (lane 8), and 0.1 jxg of pLatEnk DNA (lane 9) were 
digested with BamHI, applied on 0.8% agarose gel, electro transfer red on 
nylon membrane, and hybridized with a 1 32 P]-labeled cDNA probe cor- 
responding to the rat pEnk coding region. Whereas no hybridization 
signal was apparent on HSVLat/J-gal (lane 7), positively labeled DNA 
fragments of -1.35 kb were generated on HSVLatEnk DNA (lane 8) and 
pLatEnk DNA (lane 9). This size corresponds to the expected size of 
DNA fragment resulting from the BamHI digestion of both HSVLatEnk 
and pLatEnk DNA. 
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vehicle administration. The first and second group of polyarthritic rats 
were infected bilaterally on slightly scarified hind footpads with -5 X 10 6 
pfu of either HSVLatEnk or HSVLat0-ga1, respectively. Treatment of 
sham-infected polyarthritic rats in the third group consisted of vehicle 
(10 u\ of 10% sucrose in 0.9% NaCI) application onto scarified footpads. 

Previous studies showed that the resulting increase in the concentra- 
tions of M ELM in rat lumbar DRG is maximum 3 weeks after infection 
with HSVLatEnk (Antunes-Bras et ah, 1998). Because most of the 
polyarthritis-associated symptoms peak 3-5 weeks after induction of the 
disease (Calvino et al., 1987), rats were infected 2 weeks after polyar- 
thritis induction, and subsequent experiments were generally performed 
3 weeks later. In particular, animals used for radioimmunoassay, immu- 
nohistochemical, or in situ hybridization procedures were killed by de- 
capitation 3 weeks after infection, i.e., 5 weeks after polyarthritis induc- 
tion. The lumbar enlargement of the spina! cord and adjacent DRG 
(L1-L6) were dissected at 0-4°C The spinal cord was divided into its 
ventral and dorsal parts (except when used for in situ hybridization 
experiments), and left and right ganglia were pooled. Tissue pieces for 
RNA analyses were frozen in liquid nitrogen and stored at -80°C. 
Radioimmunologicat determinations of tissue levels of ME, calcitonin 
gene-related peptide (CGRP), and substance P were performed as de- 
scribed previously (Cesselin et al., 1980; Pohl et al., 1990). 

Hindpaw diameter measurements and radiological analyses. Animals 
were anesthetized with chloral hydrate (300 mg/kg, i.p.) 2 weeks (i.e., just 
before infection with either HSVLat/3-gal or HSVLatEnk) and 5 weeks 
after polyarthritis induction. The diameter of their hindpaws was mea- 
sured using a digital micrometer (Mitutoyo). The presence and severity 
of lesions were evaluated on radiographs (made 2, 3, and 5 weeks after 
polyarthritis induction) by an expert rheumatologist, who was unaware of 
the treatments. A four-degree rating scale was used for the bilateral 
evaluation of ankle and metatarsus toe joints: 0, no obvious lesions; 1, 
doubtful or mild lesions; 2, medium lesions with joint space narrowing or 
disappearance; and 3, severe lesions with joint destruction and mild 
periostitis. To take into account as precisely as possible the development 
of periostitis, which is an important variable in joint lesions (and can be 
widely developed despite relatively medium joint destruction), each score 
value was raised by one if extensive periostitis was present. Accordingly, 
the maximum rate was 16. Because no differences in hindpaw diameters 
or severity scores of lesions were observed between sham-infected and 
HSVLatp-gal-infected polyarthritic rats, animals in these two groups are 
referred to as control polyarthritic rats. 

Behavioral studies. Pain-related behavior was assessed by measuring 
the latency of foot withdrawal elicited by noxious radiant heat (Ugo 
Basile Plantar test, intensity 7; Ugo Basile, Comerio, Italy) applied to 
hindpaw plantar surface (Galbraith et al., 1993). Three measures at 1 hr 
intervals were performed bilaterally, and the mean was considered as one 
value for each animal. 

Spontaneous locomotor activity was measured in an open field, the 
floor of which was divided into five compartments with black lines. The 
open field was in a red-lighted room in which animals were introduced 12 
hr before the beginning of the experiments. Each animal was placed into 
the open field, and 1 min later its locomotor activity was video monitored 
and tape recorded. The number of line crosses and rearings were counted 
for a 7 min period by two independent observers in a distant room. 

Performances of the different groups of polyarthritic rats were first 
assessed 3 weeks after infection and compared with those of healthy 
controls. The next day, animals were anesthetized with chloral hydrate 
(300 mg/kg, i.p.). The skin was incised at the level of the scapula, an 
Alzet osmotic minipump (delivery rate of 1 pl/hr; 2001 model; Alza 
Scientific Products, Palo Alto, CA) was implanted subcutaneously, and 
the incision was then sutured. Following the instructions of the manu- 
facturer, osmotic minipumps were filled with either naloxone or naloxone 
methiodide to administer each of these drugs at the dose of 3 
mg-kg^'d" 1 . "Sham-"treated animals were implanted with saline- 
delivering minipumps. Behavioral studies were performed on the fourth 
day after minipump implantation. Observers were blinded to the group 
of polyarthritic rats (either controls or HSVLatEnk-infected rats) and to 
the drug delivered. Similar conditions were used to assess the perfor- 
mances of animals 5 and 8 weeks after infection. Behavioral experiments 
did not reveal any differences between sham-infected and HSV Lat/3-gal- 
infected polyarthritic rats. 

In situ hybridization. Deeply anesthetized animals (chloral hydrate; 400 
mg/kg, i.p.), were perfused transcardially with 100 ml of saline (0.9% 
NaCI) 'supplemented with 0.1% sodium nitrite, followed by 600 ml of 4% 
paraformaldehyde in PBS, at room temperature. Spinal cord and L1-L6 
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dorsal root ganglia were removed, post-fixed for 2 hr in the same solution 
at 4°C, cryoprotected in 10% sucrose -PBS, frozen, and stored at -80°C 
until used. Ten micrometer cryostat sections were fixed for 1 hr with 4% 
paraformaldehyde in PBS at 4°C, rinsed in PBS, and dehydrated through 
a graded series of ethanol concentrations (30-100%). Slides with tissue 
sections were incubated in the presence of a cRNA probe of latency- 
associated transcripts (LATs) labeled with digoxygenin-ll-UTP accord- 
ing to the instructions of the manufacturer (Promega, Madison, WI). 
This probe (188-621 bases PCR amplified segment of HSV-1 LAT 
sequence; Wagner et al., 1988) allows the detection of all viral particles, 
independent of their ability to express the PA transgene. Hybridization 
was performed overnight at 65°C in lx SSC, 50% formamide, 10% 
dextran sulfate, 1 mg/ml rRNA, and lx Denhardt's solution. On the 
following day, sections were washed twice with 1 x SSC, 50% formamide, 
and 0.1% Tween 20, at 65°C, and twice with 100 mM maleic acid, 150 mM 
NaCI, and 1% Tween 20, at room temperature. The digoxygenin- labeled 
hybrids were detected with an alkaline phosphatase -conjugated anti- 
digoxygenin antibody following the instructions of the manufacturer 
(Roche Products, Hertforshire, UK). PA mRNA was detected bv hybrid- 
izing tissue sections with -3.3 X 10 6 cpm/jxl antisense ["S]cRNA 
(corresponding to the entire coding region of the rat preproenkephalin A 
cDNA) as described in detail previously (Pohl et al., 1994). 

Quantitative RT-PCR. Total RNA, extracted as described above, was 
quantified using as reference a scale of total RNA prepared on cesium 
chloride gradient and estimated from the optical density at 260 nm. 
RT-PCR was performed, as described previously (Antunes-Bras et al., 
1998), with oi u.g of each RNA sample in the presence of various 
amounts (0.5-16 fg) of internal synthetic standard prepared according to 
the PCR MIMIC construction kit (Clontech, Cambridge, UK). This 241 
bp standard fragment, flanked with PA sequences (21 bp), was amplified 
with the same set of rat PA-specific primers as the cDNA. Reverse- 
transcribed RNA was amplified with 30 cycles (96, 58, and 72°C; 1 min 
each) according to the Access RT-PCR system instructions (Promega) 
using 40 pmol of primers in a mixture containing 10 mM of each dNTP, 
25 mM MgS0 4 , 2.5 U of avian myeloblastosis virus reverse transcriptase, 
2.5 U of thermus flavus DNA polymerase, and 6.5 U of RNase inhibitor 
(RNasin) in lx reaction buffer. The RT-PCR products were electropho- 
resed on 1.2% ethidium bromide-stained agarose gel and quantified with 
the gel analyzer GDS 5000 (Ultra-Violet Products Ltd., Cambridge, 
UK). 

Jmmunohistochemistry. Animals were anesthetized and perfused as 
described in the protocol for in situ hybridization. Segments of sciatic 
nerve, L4-L5 dorsal roots, and L4 — L5 DRG were dissected out and 
cryoprotected in 10% sucrose (24 hr, 4°C). Fifteen micrometer cryostat 
sections were preincubated (30 min, room temperature) in PBS contain- 
ing 0.3% Triton X-100 and 3% normal donkey serum (Jackson Immu- 
noResearch) and then incubated overnight at 4°C in the same buffer 
supplemented with a monoclonal anti-ME antibody (1:1000; Valbiotech). 
After washing in PBS, sections were incubated for 1 hr with rhodamine 
(Cy3)-conjugated anti-mouse Ig (1:800; Interchim, Montlucon, France), 
rinsed in PBS, mounted in fluoromount-G (CliniSciences, Montrouge, 
France), and examined using a Leica (Nussloch, Germany) confocal 
microscope. Both labeled and unlabeled neurons were counted in every 
fourth sections of a total of -30 sections for each DRG (L4-L5, unilat- 
erally), in three animals per group. A total of 712-852 neurons were 
analyzed in each group. 

Statistical analyses. All data, including those from behavioral experi- 
ments, were subjected to the unpaired Student's / test. The performances 
of rats after versus before treatment with opioid receptor antagonists 
were compared using the paired Student's r test. The Kolmogorov- 
Smirnov test was used for statistical analysis of the data derived from 
clinical evaluation of the joint lesions. When p > 0.05, the corresponding 
difference was considered to be not significant. 

RESULTS 

Morphological aspects and osseous lesions of 
hindpaws in HSVLatEnk-infected polyarthritic rats 

In agreement with previous reports (Pearson, 1956; De Castro 
Costa et al., 1981), soft tissue swelling and increased joint diam- 
eter of hindpaws were apparent in nearly 100% of animals 2 
weeks after polyarthritis induction (bilateral hindpaw joint diam- 
eter in control polyarthritic rats, 13.3 i 1.2 mm, mean ± SEM, 
n = 18; versus 9.0 ± 0.1 mm in healthy rats, n = 8;p < 0.01). In 
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Figure 2 Presence and severity of hindpaw joint lesions in control 
(representing both sham-infected or HSVLat0-gal-infected polyarthritic 
rats) {A') and HSVLatEnk-infected (5', C) polyarthritic rats. Individual 
evolution of polyarthritis-associated joint destruction was assessed by 
comparing radiograms made 2 weeks after polyarthritis induction {A,B, 
C), i.e., just before infection with either HSVLat0-gal or HSVLatEnk, 
and then 3 weeks later (A\ B\ C). Osseous lesions of tarsus and 
metatarsus toe were evaluated bilaterally in both groups of rats (n = 
8-10) using a four-degree rating scale. Radiographs were examined by an 
expert observer, without knowledge of the treatments. The Kolmogorov- 
Smirnov test was used for statistical analysis of the data. Six of 10 
HSVLatEnk-infected rats presented mild lesions (/?'), and the remaining 
four animals had more extensive lesions (C), which were, however, less 
important than those of control polyarthritic rats (A'). 
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control polyarthritic rats, these signs of inflammation worsened 
for the following weeks, with larger hindpaw swelling and joint 
diameter (17.4 ± 1.0 mm; n = Z\p < 0.02) at the end of the fifth 
week. In contrast, in paired HSVLatEnk-infected polyarthritic 
rats, the hindpaw joint diameter did not enlarge from the second 
to the fifth week (13.1 ± 1.0 mm; n = 8) after polyarthritis 
induction. Just before infection by either HSVLat£-gal or HSV- 
LatEnk, i.e., 2 weeks after polyarthritis induction, radiogram 
analysis yielded scores of hindpaw joint lesions ranging from 6 to 
10 (Fig. 2A-C). Three weeks later, marked lesions, including 
extensive erosion of bone extremities, narrowing or disappear- 
ance of joint spaces, calcification, and new bone proliferation, 
were observed in control animals (13 < lesion scores ^ 16) (Fig. 
2A'). Radiogram analysis of HSVLatEnk-infected rats (Fig. 
2B',C) revealed that the mean scores of their hindpaw joint 
lesions were significantly lower (p < 0.001; n = 10) than those in 
control polyarthritic rats (Fig. 2A '). Despite inter-individual vari- 
ability in polyarthritis development; 6 of the 10 HSVLatEnk- 
infected rats examined presented only medium lesions of the 
hindpaw joints (lesions scores < 9) (Fig. 25'). The other four 
HSVLatEnk-infected animals had extensive lesions (9 < lesions 
scores ^ 11) (Fig. 2C), which never reached the severity of joint 
destruction regularly observed in control polyarthritic rats. Treat- 
ment with naloxone methiodide (3 mg • kg " 1 • d " *) for 3 d did not 
affect the radiological lesion scores in HSVLatEnk-infected po- 
lyarthritic rats (data not shown). 

Effects of HSVLatEnk infection on pain-related 
behavior in polyarthritic rats 

Compared with healthy rats (latency of foot withdrawal to radiant 
heat, 5.7 ± 0.3 sec; mean ± SEM; n = 7), polyarthritic control rats 
had slightly reduced latency 5 weeks after polyarthritis induction 
(4.8 ± 0.2 sec;/? < 0.02; n - 15). At the same time (i.e., 3 weeks 
after injection), the paw withdrawal latencies of HSVLatEnk- 



Figure 3. HSVLatEnk-infected polyarthritic rats exhibited reduced ther- 
mal hyperalgesia and improved spontaneous locomotor activity. Re- 
sponse (paw withdrawal) latencies (A) of controls (n = 9) and 
HSVLatEnk-infected (n = 15) polyarthritic rats to radiant heating (in- 
tensity 7; Ugo Basile) were measured 3 weeks after infection. Rearings 
(B) and horizontal locomotor activity (C) of control (sham- or 
HSVLatf*-gal-infected) (n = 12) and HSVLatEnk-infected (n = 15) 
polyarthritic rats in a red-lighted open field were video monitored and 
assessed every minute during a 7 min period. Animals were then im- 
planted subcutaneously for 3 d with an Alzet osmotic minipump deliver- 
ing 3 mg • kg • d ~* of either naloxone (O) or naloxone methiodide (A) 
{antago), and thermal hyperalgesia and locomotor activity were assessed. 
Performances of normal healthy rats are indicated by the horizontal 
dashed line and gray band in the three behavioral tests (mean ± SEM; n = 
6-7). *p < 0.05; **p < 0.01; ***p < 0.001 for control versus HSV LatEnk- 
infected polyarthritic rats, two-tailed unpaired r test; and for untreated 
versus naloxone -naloxone methiodide-treated animals, two-tailed paired 
/ test. Long-term improvement of functional ability (D) in HSVLatEnk- 
infected polyarthritic rats was evaluated by comparing the locomotor 
activity in normal healthy rats (n = 5) and in both control (n = 8) and 
HSVLatEnk-infected (n = 10) polyarthritic rats 3, 5, and 8 weeks after 
infection. **p < 0.01; •*•/>< 0.001 for control versus HSVLatEnk- 
infected rats; two-tailed unpaired t test. 

infected animals were significantly higher than those of control 
polyarthritic rats (5.5 ± 0.2 sec;p < 0.001; n = 15) (Fig. 2A). 
Measurement of spontaneous locomotor activity of healthy rats 
indicated that they performed 48 ± 7 (mean ± SEM; n = 6) 
crosses of the lines and 30 ± 4 (mean :£ SEM; n = 6) rearings for 
the 7 min recording period. Five weeks after induction of the 
disease, both the horizontal locomotor activity (7 ± 2 crosses; 
mean ± SEM; n - 11) and rearings (0.2 i 0.1; mean ± SEM; n = 
11) were dramatically reduced in control polyarthritic rats (Fig. 
323, C). Compared with the latter animals, paired HSVLatEnk- 
infected rats showed a remarkable improvement in both rearings 
(by eightfold; p < 0.001; n = 12) (Fig. IB) and horizontal 
displacements (by 4.2-fold; p < 0.001; n = 15) (Fig. 3C) 3 weeks 
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tfgu/v 4. LATs and PA rnRNA expression were detected by in situ 
hybridization histochemistry. Incubation of 10 fim sections of L4-L5 
DRG with digoxygenin-labeled LAT cRNA revealed numerous LAT- 
ex pressing neurons (arrowheads) in HSVLatEnk-infected polyarthritic 
rats (A). In contrast, no LAT-expressing nerve somas could be detected 
in adjacent L1-L3 DRG (B) or in the spinal cord of the lumbar region 
( C), suggesting no spread of the vectors to these territories. Every fourth 
section of L4-L5 DRG from normal healthy rats (D), control (£), or 
HSVLatEnk-infected polyarthritic rats (F) was incubated with [ 35 S]PA 
cRNA, and then both unlabeled and labeled neurons were counted (in a 
total of 30 sections in each group). Approximately 2% of neurons in 
L4-L5 DRG of healthy rats were labeled with [ 35 S]PA cRNA (Z)). In 
contrast, no PA rnRNA -expressing neurons were detected in L4-L5 DRG 
of control (vehicle- or HSVLat/J-gal-infected) polyarthritic rats (£). In- 
fection with HSVLatEnk led to the expression of PA rnRNA in -12% 
(110 of a total of 955 neuronal somas) of neurons in DJ-L5 DRG (F). The 
photomicrographs are representative of three to four animals per group, 
examined 5 weeks after polyarthritis induction (i.e., 3 weeks after vehicle, 
HSVLat^gal, or HSVLatEnk infection). Scale bar: A, B, D-F, 250 jtm; 
C, 390 *un. 



after infection. This amelioration persisted during the whole 
observation period, i.e., for at least 8 weeks after HSVLatEnk 
infection (Fig. 3D). 

Behaviors were not significantly changed in both control and 
HSVLatEnk-infected polyarthritic rats implanted with saline- 
containing minipumps. Similarly, naloxone or naloxone methio- 
dide, administered at the dose of 3 mg • kg ~ a • d _1 for 3 d, were 
without any significant effect in control polyarthritic rats. In 
contrast, both compounds reversed with a similar efficacy both the 
antihyperalgesic response (p < 0.001; n = 15) (Fig. 3/4) and the 
improved locomotor activity (p < 0.05; n = 12-15) (Fig. 3B,C) in 
HSVLatEnk-infected animals. 

L calization and quantification of HSVLatEnk- 
mediated ME overexpression. 

In situ hybridization histochemistry with a digoxygenin-labeled 
complementary probe of HSV LATs showed that, after the pe- 
ripheral infection of hindpaws in polyarthritic rats, viral vectors 
were restricted to L4-L5 DRG (Fig. AA). This indicated rapid 
entry in latency and no spread of vectors to adjacent DRG or the 
spinal cord (Fig. 45, C, respectively). In situ hybridization with 
[ 35 S]-labeled rat PA complementary probe showed that only 
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Figure 5. Quantitative RT-PCR measurement of PA rnRNA levels in 
L4-L5 DRG of control (□) or HSVLatEnk-infected (■) polyarthritic 
rats. Total RNA was extracted from L4-L5 DRG in both groups of 
animals (n = 5 for each group) 5 weeks after polyarthritis induction. Five 
hundred nanograms of total RNA were reverse-transcribed in the pres- 
ence of six different dilutions of synthetic fragment and amplified for 30 
cycles. Measurement of optical density of PCR amplification products of 
PA mRNA (402 bp) or of the synthetic fragment (241 bp) allowed the 
drawing of the plot, as described previously (Antunes-Bras et al., 1998). 
Representative gel analyses of PCR products are shown. 



-2-3% of neurons express PA mRNA in b4-L5 DRG of healthy 
rats (Fig. 4D). In control polyarthritic rats, no or only scarce PA 
mRNA-expressing cells were detected in lumbar L4-L5 DRG 
(Fig. 4E). In contrast, peripheral inoculation of polyarthritic rats 
with HSVLatEnk led to a significant increase in the number of 
PA mRNA-expressing neurons in L4-L5 DRG (Fig. 4F), reach- 
ing —12% of the total neuron population. Quantitative RT-PCR 
allowed the demonstration that PA mRNA levels in L4-L5 DRG 
of HSVLatEnk-infected rats were approximately eightfold higher 
(p < 0.001; n = 5) than in control polyarthritic animals (Fig. 5). 
In addition, MELM concentrations in M-L5 DRG were also 
significantly higher (+40%) in HSVLatEnk-infected rats than in 
paired control polyarthritic animals (71.9 ± 7.1 vs 49.5 ± 5.2 
pg/mg protein, respectively; means ± SEM; n = 8 in each group; 
p < 0.01). On the other hand, measurement of both substance P 
and CGRP concentrations in L4-L5 DRG of control polyarthritic 
rats (1.6 ± 0.2 and 8.3 ± 0.2 ng/mg protein, respectively; means i 
SEM; n = 8) showed comparable levels with those in 
HSVLatEnk-infected rats (1.4 ± 0.1 and 8.1 ± 0.4 ng/mg protein; 
n = 8; respectively). 

Immunofluorescence investigations showed that no ME- 
immunoreactive neurons could be detected in L4-L5 DRG and 
corresponding dorsal roots of untreated polyarthritic rats (Fig. 
6A,B). Furthermore, neuronal processes stained for MELM 
were only rarely detected in peripheral outputs of L4-L5 DRG in 
these animals (Fig. 6C). Infection of rats with HSVLatEnk re- 
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Figure 6. Immunofluorescent detection of Met-enkephalin-like material. 
Fifteen micrometer sections were stained with monoclonal anti-ME an- 
tibody (Valbiotech). No ME staining was detected in DRG neuronal cell 
bodies {A) and dorsal roots (B) of untreated polyarthritic rats. Only few 
neuronal processes stained for ME could be visualized in sciatic nerves of 
these animals (C). In HSVLatEnk-infected polyarthritic rats, numerous 
ME-stained neuronal soma were present in L4-L5 DRG (D). Scarce 
neuronal processes were stained in dorsal roots (£), whereas numerous 
nerve fibers positively labeled for ME were present in sciatic nerves (F) 
of HSVLatEnk-infected rats. Scale bar: A, D, 250 >xm; B, C, E, F, 70 fxm. 

suited in the appearance of numerous positively stained neuronal 
cell bodies in L4-L5 DRG (Fig. 6D). Approximately 20% of 
M ELM -positively labeled cell bodies costained for CGRP-like 
material or substance P-like material (data not shown). No or 
only scarce MELM-positively labeled nerve fibers were visual- 
ized in dorsal roots of infected animals (Fig. 6£). In contrast, a 
relatively dense bundle of neuronal processes containing MELM 
was observed in the peripheral output of L4-L5 DRG in 
HSVLatEnk-infected polyarthritic rats (Fig. 6F). 

DISCUSSION 

Together with pain, erosive inflammation of the joints and new 
bone proliferation represent prominent symptoms of polyarthritis 
in both humans and animal models of the disease. This report 
shows that PA overexpression in lumbar DRG neurons of polyar- 
thritic rats induces mainly peripherally mediated antihyperalgesic 
effects and reduces disease-related functional disability in these 
animals. Furthermore, our studies also demonstrate the beneficial 
effect of PA-derived peptides on hindpaw joint lesions because 
overproduction of these opioids limited the progression of bone 
erosion and periostitis. 

HSV type 1 -derived vectors have been successfully used for 
transgene delivery into sensory neurons, and we showed recently 
their potency to drive PA expression in rat DRG neurons (Davar 
et.al., 1994; Antunes-Bras et al., 1998, 2001; Goins et al., 1999; 
Wilson et al., 1999). In our previous studies, peripheral infection 
of healthy rats with replication-competent vectors resulted in 
vector expression limited to L4-L5 DRG (Antunes-Bras et al., 
1998); however, possibly because of the peculiar immune status of 



polyarthritic rats, we found in a first series of experiments that, in 
some of these animals, recombinant vectors could spread from the 
DRG to the spinal cord. This observation lead us to generate 
conditional defective TK-deleted HSV vectors, severely impaired 
for the acute replication in ganglionic neurons (Coen et al., 1989). 
To ensure long-term and relatively high levels of PA-derived 
peptides synthesis, we placed the rat PA cDNA sequence under 
the control of Lat-LTR promoter whose in vivo activity is well 
documented (Lokensgard et al., 1994; Antunes-Bras et al., 1998). 
To detect all viral vectors (even those that eventually did not 
synthesize transgene-derived mRNA), we performed in situ hy- 
bridization histochemistry not only with an ME mRNA comple- 
mentary probe but also with a probe complementary to viral 
latency-associated transcripts. The results obtained with both 
probes clearly showed that TK-negative recombinants remained 
restricted to L4-L5 DRG of polyarthritic rats and did not spread 
to adjacent ganglia or the spinal cord, as expected for this vector 
with reduced replication in neurons (Coen et al., 1989). Despite 
the presence of numerous neurons synthesizing MELM in 
L4-L5 DRG 3 weeks after HSVLatEnk inoculation, only few 
nerve fibers endowed with MELM were visualized in L4-L5 
dorsal roots. In contrast, numerous neuronal profiles containing 
MELM were present in sciatic nerves of HSVLatEnk-infected 
polyarthritic rats. These results are consistent with our previous 
studies in healthy rats showing that, in PA overex pressing animals 
(as in controls), MELM is preferentially transported to the pe- 
ripheral terminals of primary afferents from which it can be 
released by electrical stimulation of the sciatic nerve (Antunes- 
Bras et al., 2001). Together, these data suggest that, in 
HSVLatEnk-infected polyarthritic rats, overproduced MELM 
was also mainly transported to the peripheral side of primary 
afferent fibers and presumably released. 

The concentrations of substance P and CGRP in DRG of 
polyarthritic rats, which are increased compared those in control 
healthy rats (Kar et al., 1991; Smith et al., 1992), were not 
modified in animals infected with either HSVLat0-gal or HSV- 
LatEnk, suggesting that neither the infection per se nor the ME 
overexpression affects the DRG content in these major neuropep- 
tides synthesized in sensory ganglia. However, opioids are known 
to modulate the substance P and CGRP release from primary 
afferent neurons (Mauborgne et al., 1987; Pohl et al, 1989). 
Further investigations are thus needed to examine whether their 
release, which is altered in polyarthritic rats (Cesselin et al., 
1999), could be modified in HSVLatEnk-infected rats, notably at 
the periphery, at which both peptides exert proinflammatory 
effects. 

An important finding is the reduction of hindpaw diameter 
associated with reduced progression of joint lesions in 
HSVLatEnk-infected polyarthritic rats. Interestingly, radiologi- 
cal examination of hindpaws revealed reduced osseous lesions 
and bone proliferation, particularly at the tarsus and metatarsus 
joints, i.e., at the paw levels at which primary afferents infected 
with HSVLatEnk project. Immunomodulatory action of opioids 
is well documented (for review, see Stefano et al., 1996). The 
existence of a dense network of sensory nerves innervating the 
periosteum, the bone marrow, and the osteochondral junction 
(Bjurholm et al., 1988; Hill and Elde, 1991; Hukkanen et al., 
1992), as well as the presence of opioid binding sites on osteo- 
blasts and chondrocytes (Castano et al., 1991), support the idea of 
a direct action of peripherally released opioids on these tissues. 
Our data are consistent with previous reports suggesting that 
opioids can modulate inflammation and attenuate joint damage in 
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polyarthritic rats (Levine et aL, 1986; Walker et al., 1996; Binder 
and Walker, 1998). 

Overproduction of PA-derived opioid peptides in sensory 
nerves also resulted in an antihyperalgesic activity. Jn particular, 
HSVLatEnk-infected rats exhibited an increased latency of foot 
withdrawal elicited by noxious radiant heat. However, an acute 
painful stimulus does not actually reflect the dimension of per- 
sistent, spontaneous pain. This is particularly true in polyarthritic 
rats in which the most prominent behavioral change is a marked 
reduction of locomotion as a result of intense pain and joints 
alterations. Indeed, horizontal and vertical mobility in polyar- 
thritic rats were severely reduced (rearings being almost absent), 
and measurement of locomotor activity provides a sensitive eval- 
uation of "functional disability" in these animals (Larsen and 
Ami, 1985; Cain et al., 1997; Lindner et al., 1999). Of special 
interest in this study was the impressive amelioration of the 
mobility of HSVLatEnk-infected polyarthritic rats that recovered 
up to nearly 70% of that of healthy rats. With regard to pain- 
related behavior, our data are in accordance with the recently 
reported antihyperalgesic effects of overexpressed PA or 
/3-endorphin at the spinal level in animals with experimentally 
induced pain (Finegold et al., 1999; Wilson et al., 1999). 

The involvement of central and/or peripheral opioid receptors 
in both the antihyperalgesic response and the improved mobility 
of HSVLatEnk-infected polyarthritic rats was assessed using nal- 
oxone, a centrally and peripherally acting opioid receptor antag- 
onist, and naloxone methiodide, an antagonist acting exclusively 
at the periphery. Taking into account that PA overexpression in 
sensory neurons of HSVLatEnk-infected rats is a continuous, 
long-lasting (i.e., for several weeks) process, we reasoned that 
prolonged delivery of opioid receptor antagonists should be a 
valuable approach to inhibit the effects of overproduced ME. 
Both naloxone and naloxone methiodide, without significant ef- 
fect in control polyarthritic rats, reversed with a similar efficacy 
both the antihyperalgesic response and the improved mobility in 
HSVLatEnk-infected polyarthritic rats. This finding is in line 
with previous observations showing that naloxone [but at a mark- 
edly higher dose (50 mg/kg, i.p.) than that used here] antagonized 
the antihyperalgesic responses to capsaicin and dimethylsulfoxide 
as a result of overexpression of human PA in recombinant virus- 
infected mice (Wilson et al., 1999). In addition, the fact that 
naloxone methiodide was as efficient as naloxone to suppress the 
antihyperalgesic response further supports the idea that periph- 
eral opioid receptors play a key role in opioid-induced reduction 
of inflammatory pain (Stein and Yassouridis, 1997; Binder and 
Walker, 1998) and related disability in polyarthritic rats infected 
with HSVLatEnk; However, because sparse MELM-containing 
nerve fibers were observed in dorsal roots of HSVLatEnk- 
infected rats, it- cannot be excluded that spinal opioid receptors 
also contributed to the antihyperalgesic effects of PA overexpres- 
sion in DRG neurons. 

Although HSV latency is an almost exclusive feature of ner- 
vous tissue (Steiner and Kennedy, 1995), the possibility of latent 
infection of non-neuronal cells at the site of HSVLatEnk inocu- 
lation could not be ruled out. This possibility could account for 
the mainly peripherally mediated affects observed in our study 
and, to some extent, also in that of Wilson et al. (1999). However, 
these authors found that intrathecal administration of naloxone 
reversed the antihyperalgesic effect in mice infected with proen- 
kephalin encoding vector, thereby suggesting that primary affer- 
ents represented the major supply of overproduced opioid pep- 
tides. Our previous results also support this idea. Indeed, we 



found in normal HSVLatEnk-infected rats that MELM was 
released not only at the dorsal horn of the spinal cord by direct 
electrical stimulation of dorsal roots but also and to a greater 
extent at the periphery after electrical stimulation of the sciatic 
nerve (Antunes-Bras et al., 2001). These results suggest that 
increased peripheral M ELM overflow triggered by stimulation of 
the sciatic nerve in fact involved peripheral terminals of primary 
afferents rather than some non-neuronal cells. 

Naloxone methiodide treatment did not affect the radiological 
lesion score in HSVLatEnk-infected polyarthritic rats, indicating 
that, under such conditions, a 3 d blockade of peripheral opioid 
receptors was probably too short to reverse the inhibitory action 
of PA overexpression on the progression of the disease. 

In any case, polyarthritis-associated disability in rats appears to 
be the consequence of both chronic pain and mechanical affection 
of joints. Accordingly, the long-term amelioration in polyarthritic 
rats infected with HSVLatEnk probably reflects a synergic action 
of PA-derived peptides on both aspects of the disease. Gene 
therapy for rheumatoid arthritis is a rapidly growing field, and 
several relevant approaches are currently tested in laboratory 
models of arthritis (Junker and Bohnlein, 1999). Thus, associa- 
tion of proenkephalin A (and perhaps of other opioid peptides 
precursors) gene with other candidate genes in dicistronic vectors 
might open novel perspectives for the management of both pain 
and osseous lesions that characterize this disease. 
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Endogenous opiate peptides acting pre- and post-synap- 
tically in the dorsal horn of spinal cord inhibit transmission 
of nociceptive stimuli We transfected neurons, of the dorsal 
root ganglion in vivo by footpad inoculation with 30 fJ (3 x 
1CF p.f.u.) of a, replication-incompetent (ICPA-deleted) her- : 
pes simplex virus (HSV) vector with a cassette containing a 
portion of the human proenkephalin gene coding for 5 met-- 
and 1 leu-enkephalin molecules under the control of the 
human cytomegalovirus immediate-early promoter (HCMV 
lEp) inserted in the HSV thymidine kinase (tk) locus. Vector- 
directed expression of enkephalin produced a significant 

Keywords: HSV; pain; enkephalin; gene transfer 



antinociceptive effect measured by the formalin footpad test, 
that was most prominent in the delayed ('tonic') phase 2C% 
70 mm after the administration of formalin The magnitude 
of the antinociceptive effect diminished over 4 weeks after 
transduction, but reinoculation of the; vector reestablished 
the* analgesic effect, without evidence for the development 
of tolerance. The antinociceptive effect was blocked com- 
pletely by intrathecal naltrexone. These results suggest that 
gene therapy with an enkephalin-producing herpes-based 
vector may prove useful in the treatment of pain. Gene Ther- 
apy (2001) 8, 551-556. 



Introduction 

The pharmacologic activity of opiate drugs corresponds 
to the distribution of endogenous opioid peptides and 
their receptors in the nervous system. 1 * 2 One important 
location for the action of opioids is the dorsal horn of 
spinal cord where opioid receptors are found on both spi- 
nal interneurons and on the terminals of the primary 
afferent nociceptors whose cell bodies are in the dorsal 
root ganglia (DRG). 3 - 4 In vitro opioids produce a direct 
inhibitory effect on the electrical activity of spinothalamic 
projection neurons of dorsal horn or trigeminal nucleus, 5 " 7 
and act presynaptically to inhibit release of neuro- 
transmitter from DRG neurons. 8 " 11 Intrathecal adminis- 
tration of morphine inhibits the release of substance P by 
the primary afferent nociceptor in vivo? 2 which correlates 
with the efficacy of intrathecal opiates that are used in 
clinical applications. 

More than 20 endogenous opioid peptides have been 
identified, most of which share the N-terminal sequence 
of Tyr-Gly-Gly-Phe-Met or Tyr-Gly-Gly-Phe-Leu; they 
are produced as the cleavage products of three distinct 
precursors that have been termed proenkephalin A, pro- 
dynorphin, and proopiomelanocortin. 13 - 14 Proenkephalin 
A is the only opioid peptide precursor in spinal cord, 
where the gene is expressed primarily in interneurons in 
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the dorsal horn and the product cleaved to produce met- 
and leu-enkephalin. It is presumed that the pre- and post- 
synaptic antinociceptive effects of opiate drugs 
described above result from activation of the same opioid 
receptors that respond to endogenous production and 
release of met- and leu-enkephalin. 

Gene transfer represents a novel means to express 
identified transgenes in specific locations in the nervous 
system, and herpes simplex virus-based vectors have a 
special utility for primary sensory neurons. Wild-type 
HSV is a neurotropic double-stranded DNA virus that, 
following primary infection of epithelium, is carried by 
retrograde axonal transport to the dorsal root ganglion 
(DRG) where the viral genome may establish a life-long 
latent state. 1 5-1 7 Because HSV genes involved in viral rep- 
lication are expressed in a rigid temporal cascade, 
deletion of essential immediate-early (IE) genes from the 
HSV genome allows the creation of a vector that is 
incapable of replicating in normal tissue in vivo, but none- 
theless is capable of the efficient establishment of a 
quiescent state that is similar to natural viral latency but 
without the potential for reactivation. 1819 We have pre- 
viously demonstrated that genomic HSV-based vectors 
can be employed to express biologically active nerve 
growth factor 20 and the anti-apoptotic peptide Bcl-2 21 in 
vitro and in vivo. 

In the experiments described in this report, we tested 
the ability of a genomic HSV vector expressing enke- 
phalin to produce an antinociceptive effect in rats. We 
constructed a replication-incompetent genomic HSV vec- 
tor deleted for the essential IE gene ICP4, with the proen- 
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kephalin coding sequence under the control of the human 
cytomegalovirus immediate-early promoter (HCMV IEp) 
element in the viral tk locus, and used that vector to 
transfect neurons of the rat lumbar DRG by foot-pad 
inoculation. We demonstrate that this vector produces an 
antinociceptive effect significantly reducing nocifensive 
behavior in the delayed 'tonic' phase after the subcutane- 
ous administration of formalin. 

Results 

Inoculation of the footpad with the non-replicating vector 
SHPE resulted in transduction of lumbar DRG and 
expression of proenkephalin mRNA. Using primers spe- 
cific for the human proenkephalin sequence to amplify a 
24£bp fragment of the human gene insert (Figure la), 
we found specific bands from all four SHPE-injected rats 
killed 1 week after inoculation (Figure lb, left). No 
human proenkephalin DNA was found in DRG of rats 
injected with the lacZ-containing control vector SHZ 
(Figure lb, left). Evaluation of DRG from a second group 
of SHPE-injected animals for transgene expression by RT- 
PCR demonstrated the presence of human proenkephalin 
RNA at the same time-point (Figure lb, right). 

Expression of the human peptide in transfected neu- 
rons was assessed in vitro. Mouse DRG neurons trans- 
fected with SHPE expressed human PE detected by 
immunocytochemistry, while DRG neurons transfected 
with the control SHZ vector showed only background 
immunofluorescence similar to uninfected neurons 

a 
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(Figure 2). We were not able to identify the peptide in 
vivo by immunofluorescence (data not shown). 

Injection of dilute formalin subcutaneously into the 
footpad of control animals caused the rats to exhibit noci- 
fensive behaviors as previously described, 22 with an 
immediate pain response (at time 0), a period of normal 
behavior (observed at lOmin after formalin injection), 
followed by a characteristic increasing and than decreas- 
ing pain response lasting over 60 min (Figure 3a, control 
curve - filled circles). Rats injected with SHPE 1 week 
before formalin testing showed a significant reduction in 
nocifensive behaviors at 30, 40, 50, 60, and 70 min after 
formalin injection (Figure 3a, black squares). The antino- 
ciceptive effect of the vector was reversed by an intrathe- 
cal injection of naltrexone (20 nmol) adrninistered 5 min 
before the injection of formalin (Figure 3e, gray squares). 
Intraperitoneal injection of naloxone (50 mg/kg) also 
reversed the effect of the vector (data not shown). 
Because injection of formalin may cause long-lasting 
alterations to the subcutaneous tissue each animal was 
tested only once, and the naltrexone experiments were 
performed on a different set of animals than the 1 week 
test group. 

Rats inoculated with SHPE 2 weeks before formalin 
testing showed a less pronounced antinociceptive effect 
that was statistically significant only at 20, 30 and 60 min 
after formalin (Figure 3b, black squares). The reduction 
in response to the vector is consistent with previous 
observations regarding the time-course of transgene 
expression by HSV vectors utilizing the HCMV IEp to 
drive transgene expression. 23 - 24 

Rats injected with SHPE 4 weeks before formalin test- 
ing showed a quantitatively smaller response to the vec- 
tor, with statistically significant differences only at 60 min 
after formalin (Figure 3c, black squares). We had antici- 
pated that the response to vector transduction would be 
severely attenuated by 28 days, and for that reason had 
inoculated those animals in both the left and right rear 
footpads at the time of initial vector inoculation. After 
formalin testing in the left footpad, as described above 






Figure 1 (a) Schematic representation of the HSV vector genome, with 
insertion of the proenkephalin gene in the tk locus. Arrows represent 
location of primers used for PCR analysis, (b) PCR and RT-PCR from 
transduced DRG 1 week after inoculation demonstrates the presence of 
the human proenkephalin sequences in SHPE but not control SHZ 
infected DRG (left panel), and the presence of human proenkephalin RNA 
in SHPE infected ganglia (right panel; + indicates samples amplified with 
reverse transcriptase, - indicates samples amplified without reverse 
transcriptase). 



Figure 2 Immunofluorescent detection of human PE in DRG neurons 
transfected with SHPE in vitro (A). Neurons transfected with the lacZ- 
expressing control vector SHZ demonstrate only background immuno- 
fluorescence (B). T)te photomicrographs shown were taken with identical 
exposures, chosen to show the control vector-infected cells (B) which were 
identical to uninfected neurons (data not shown). 
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Figure 3 Weighted pain score following injection of dilute formalin in 
SHZ inoculated control animals (circles) and SHPE inoculated animals 
(squares) at 7 days (a), 14 days (b), 28 days (c), and 35 days in animals 
reinoculated 7 days before testing (d). Intrathecal naltrexone reversed the 
antinociceptive effect in animals tested 7 days after SHPE inoculation (e). 
A cumulative pain score, representing the sum of the weighted pain scores 
from 20 to 70 min, demonstrates the time-course of the antinociceptive 
effect of the vector (ft. The number of animals in each group is shown in 
parentheses. The same control group is shown in all graphs. 



and shown in Figure 3c, we reinoculated the same rats 
in the right footpad with SHPE (identical to the initial 
inoculation), and retested the animals with an injection 
of formalin into the right footpad 1 week later (35 days 
after the initial vector inoculation, 7 days after 
reinoculation). Formalin testing in the right 
(reinoculated) footpad at 35 days showed that a robust 
antinociceptive response, which was statistically signifi- 
cant at 30, 40, 50, 60 and 70 min after formalin, had been 
reestablished (Figure 3d, open squares). Separate control 
animals (those inoculated with the SHZ vector) were 
tested at the same time as SHPE inoculated animals at 
each time-point, however, all control animals were 
grouped together for statistical comparison to SHPE 
inoculated animals, and that control curve is reproduced 
in each panel of Figure 3a-e (black circles). 

The relative reduction in nocifensive behavior at the 
several different times after vector inoculation is shown 
in Figure 3f, where we have plotted a cumulative pain 
score representing the sum of the scores at the 20 to 
70 min intervals for each of the times after vector inocu- 
lation. The cumulative pain score illustrates the signifi- 
cant reduction in nocifensive behavior at 7 days after vec- 
tor inoculation, the reduction in that effect in animals 
inoculated 2 or 4 weeks before testing, and the reestab- 
lishment of the response by reinoculation. 



Discussion 

The data presented in this report demonstrate that a non- 
replicating genomic HSV-based vector engineered to 
express proenkephalin can be used to transduce primary 
sensory neurons of the DRG to produce a analgesic effect 
in rats. The formalin test 22 allows the observation of noci- 
fensive behaviors in unrestrained animals over a pro- 
longed period of time. Human subjects describe the pain 
caused by formalin injection as an initially intense, sharp 
or stinging sensation that gives way to a steady throbbing 
ache that gradually disappears over 1 h. 22 The response 
recorded in the 'tonic' phase in animals corresponds to 
that steady throbbing ache, in contrast to acute pain 
sensation. 

This report substantially extends the observations of 
Wilson and colleagues 25 who used a replicating herpes 
vector, KHPE, to deliver the same gene product to the 
DRG by subcutaneous injection into the dorsum of the 
foot in mice. While no primary antinociceptive effect of 
the vector was observed in those experiments, enke- 
phalin production by the vector resulted in an antihyper- 
algesic effect that was demonstrated by an increased lat- 
ency to withdraw the foot from noxious heat after 
sensitization of C-fibers by application of capsaicin, or 
sensitization of A8 fibers by application of dimethyl sul- 
foxide. 25 Foot withdrawal to noxious radiant heat before 
sensitization is an acute pain response which in its time- 
course correlates with the nociceptive behavior in the for- 
malin test immediately after injection of formalin. In 
agreement with Wilson's study, the response to formalin 
immediately after injection was not altered by inoculation 
with vector SHPE in our experiments. The antinocicep- 
tive effect we observed in the tonic phase after formalin 
injection following inoculation with SHPE represents an 
analgesic effect in a well-established model of inflamma- 
tory pain and extends the potential utility of gene transfer 
for treatment of pain. 

The second major difference between these studies and 
the previous report is the nature of the vector. KHPE 25 
is a replication-competent herpes virus that presumably 
replicates in epithelial cells following inoculation and 
before axonal transport. SHPE (the current report) is a 
replication-incompetent mutant that despite not dividing 
in the epithelium nonetheless efficiently transfects the 
DRG. This is an important consideration for potential 
therapeutic application. The difference between their use 
of a replicating HSV vector and our use of a non-rep- 
licating vector may be one explanation for the fact that 
they were able to detect the gene product by immunocy- 
tochemistry in vivo, whereas we were unable to do so. 
Unfortunately, the antibody they used for their studies 
is no longer available, so that direct comparison of their 
immunochemical results with our results is not possible. 
Nonetheless, using a similar antibody specific for the 
human peptide, we have demonstrated expression of the 
peptide product in transfected cells in vitro, and the RT- 
PCR data provides specific evidence in our studies for 
expression of the human transgene in transfected DRG 
neurons in vivo. We found that the antinociceptive effect 
was maximal at 1 week after inoculation. This time- 
course is also different than the time course reported by 
Wilson et al We believe it is likely that the difference in 
time-course is due to differences in the models tested, as 
in preliminary studies we have found a different time- 
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course of antinociceptive effect of the same vector in a 
model of neuropathic pain (data not shown). 
. These experiments differ substantially from other gene 
transfer approaches that have between reported pre- 
viously. An adenoviral vector expressing the p-endor- 
phin coding sequence infused intrathecally in rats has 
been reported to attenuate the hyperalgesic response in 
the carageenan model of inflammatory pain 26 but had no 
effect on the latency to withdraw a non-inflamed paw 
from radiant thermal heat. Transgene expression from 
the adenoviral vector appeared to be limited to the pia 
mater, with release of ^-endorphin into the cerebrospinal 
fluid. 26 In contrast, HSV-mediated gene transfer results 
in specific transfection of primary sensory neurons in the 
DRG. The mechanism of adenoviral gene transfer is more 
like cell transplantation studies which have been 
reported. For example, retrovirus vectors have been used 
to transfect and express p-endorphin in fibroblasts, 27 and 
spinal transplantation of adrenal medullary cells which 
naturally release opioid peptides reduces nocifensive 
behaviors (tail flick and paw pinch response) 28 and have 
been reported to decrease experienced pain in humans 
with pain and terminal cancer; 29 similar results have been 
demonstrated using the AtT-20 pituitary tumor-derived 
cell line modified to constitutively secrete enkephalin. 30 - 31 
However, these approaches all rely on release of peptides 
into CSF, rather than localized release of enkephalin in 
the dorsal horn. 

We presume that release of the HSV-mediated opiate 
peptides occurs from the central terminal of primary 
afferent neurons in the dorsal horn of spinal cord. While 
we have not identified the specific neurons that harbor 
the latent HSV genomes, there is no reason to expect that 
the vector should show a preference for nociceptors. 
Because A5 and C fibers typically constitute 70-S0% of 
nerve fibers innervating the skin 13 it is not unlikely that 
a substantial proportion of the transduced neurons pro- 
ject to the superficial layers of dorsal horn. Even release 
of transgene-coded enkephalin by non-nociceptive affer- 
ents would release the peptide in the near vicinity of the 
second order neuron in the spinal cord. We have pre- 
viously demonstrated in vitro that an HSV vector trans- 
gene-coded peptide (NGF) is appropriately processed 
and released from neurons in vitro. 20 The affinity of enke- 
phalins for opiate receptors is roughly half that of mor- 
phine, yet following direct injection in vivo, met-enke- 
phalin is more than one order of magnitude weaker than 
morphine as an analgesic, 32 and the analgesic effect of the 
peptide is short-lived,- 33 both of these phenomena result 
from the distribution of an endogenous neutral protease 
'enkephalinase' 34 in the same distribution as endogenous 
opiates and their receptors. One potential advantage of 
gene transfer to primary sensory neurons is that continu- 
ous local release of an opiate peptide in the spinal cord 
may avoid some of the problems that result from the cen- 
tral actions of systemic or intrathecal administration of 
opiate drugs. 35 

Is it possible that the biological effect of released vec- 
tor-encoded enkephalin is mediated through actions at 
peripheral, rather than the central terminal of the sensory 
neuron? 36 Mu, delta and kappa opioid receptors have 
been demonstrated on the peripheral terminals of sen- 
sory axons, 37 - 38 and the peripheral injection of opioid 
drugs relieves inflammatory pain in animal models. 38 - 39 
However, intrathecal injection of naltrexone completely 



reversed the analgesia produced by the vector supporting 
the interpretation that the analgesic effect occurs at the 
level of the spinal cord rather than peripherally. In fact, 
animals that received naltrexone demonstrated a signifi- 
cantly higher cumulative tonic pain score than control 
animals, which may have resulted from block of 
endogenous opioid effects in addition to block of vector- 
expressed enkephalin. We also have no direct evidence 
regarding the development of tolerance in this model. 
However, the loss of effect over several weeks parallels 
the known time-course of expression of transgenes from 
the HSV vector in neurons using the HCMV pro- 
moter, 17 - 23 and the reestablishment of an antinociceptive 
effect by reinoculation also suggests that tolerance had 
not developed. 

There are several potential avenues of investigation 
that may be developed from the observations reported 
here. We do not know if the antinociceptive effect of the 
enkephalin vector is specific for inflammatory pain, of the 
sort modeled by the formalin test, or whether similar 
effects can be achieved in models of neuropathic pain or 
pain caused by cancer. We will need to determine if the 
duration of the analgesic effect can be extended by 
employing a vector that uses the HSV latency-active pro- 
moter element to drive enkephalin expression. 40 It will 
also be of interest to determine whether coexpression of 
other gene products from the same vector may improve 
the analgesic potency of the vector. However, the results 
of the current experiments, demonstrating that a non-rep- 
licating genomic HSV-based vector expressing proenke- 
phalin provides an antinociceptive effect in rats, is an 
important proof of principle demonstration of a novel 
analgesic therapeutic modality. 

Materials and methods 

Vector construction 

The vector SHPE (Figure la) was constructed as pre- 
viously described 25 A cassette containing the HCMV IEp, 
SV40 intron, human proenkephalin cDNA and . SV40 
polyadenlyation sequence 41 was cloned into a plasmid 
(pBIuescript II SK; Stratagene, La Jolla, CA, USA) contain- 
ing a lox P site, and inserted into the tk locus of the ICP4- 
deleted HSV vector dl20k-lox> a modified version of 
d^O 42 that was previously engineered to contain a loxP 
site at the tk locus, 43 by cre-lox recombination. 44 This vec- 
tor contains only the proenkephalin PE transgene, with- 
out other reporter transgenes. The control vector SHZ 43 
was identical to SHPE except that the inserted cassette 
contained the E. coli lacZ reporter gene under the control 
of the HCMV IEp in the tk locus. Both the PE and control 
vector were isolated by three rounds of limiting dilution, 
and the final vector purified at 1 x 10 9 p.f.u./ml. 

Immunocytochemical determination of enkephalin 
expression 

DRG from 17-day rat embryos were dissociated with 
0.25% trypsin-1 mM EDTA for 30 min at 37°C with con- 
stant shaking and then plated on poly-D-ly sine-coated 
coverslips at 10 s cells per well in a 24- well plate in 500 jxl 
of defined Neurobasal media suplimented with 1 x B027, 
lx GlutaMAX, 0.5 ^g AlbuMAX II (Gibco-BRL, Rock- 
ville, MD, USA) per ml, 100 U of penicillin per ml, and 
100 ng of 7.0s NGF per ml (Sigma, St Louis, MD, USA). 
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Fourteen days after plating the cells were infected with 
either vector SHPE or vector SHZ at a multiplicity of 
infection (MOD of 1 for 1 h, washed in fresh media, and 
incubated overnight. The cells were then washed and 
placed in fresh media containing 1 mM colchicine (Sigma) 
and incubated for 2 h, after which they were fixed in His- 
tochoice (Amresco, Solon, OH, USA) for 20 min at room 
temperature. Enkephalin, produced by vector SHPE, was 
detected using an an ti -enkephalin primary antibody 
(Pennisula Laboratories, Belmont, CA, USA) at 1:200 in 
PBS containing 1% goat serum, incubated overnight at 
4°C and visualized using a Cy3-conjugated anti-rabbit 
secondary antibody (Sigma). 

Vector inoculation 

Male Wistar rats (Charles River, Boston, MA, USA) 
weighing 225-250 g were used for these experiments. The 
animals were anesthetized with chloral hydrate 
(400 mg/kg) and 30 uJ containing 3 x 10 6 p.f.u. of either 
SHPE or SHZ was injected subcutaneously under the 
skin on the plantar aspect of one or both rear paws. 

Tissue analysis of transgene expression 
One week after vector inoculation, a subset of rats was 
killed, the DRGs were removed, frozen on dry ice, and 
stored at -80°C DNA was isolated from the DRGs of four 
SHPE and three SHZ injected rats using a Qiagen kit 
according to the manufacturer's instructions (Valencia, 
CA, USA). A 248 bp fragment of human PE was ampli- 
fied (94°C for 45 s, 63°C for 45 s, 72°C for 1.5 min, 40 
cycles) using the primers 5'-AGAGGCCAATGG 
AAGTGAGA-3' (forward) and 5'-CAGCTCiTTGG 
CTTCATCT-3' (reverse), a RoboCycler (Stratagene), and 
Perkin-Elmer (Foster City, CA, USA) Amplitaq Gold 
enzyme (20 u.1 total reaction volume, consisting of 0.2 mM 
dNTPs, 10 pM primers, and 0.5 unit of Taq polymerase). 
The PCR products were separated on a 1.5% agarose gel 
containing ethidium bromide. 

Total RNA was extracted from the DRGs of three SHPE 
transfected rats using TriReagent (Sigma). Approxi- 
mately 1 u,g of DNasel-treated or untreated total RNA 
was used to synthesize cDNA using a GeneAmp Kit 
(Perkin Elmer). A 248 bp fragment of human PE was 
amplified as described above except that the reaction 
mixture contained 0.67 \lm 32 P-dCTP (3000 Ci/mmol), the 
products separated on a 6% polyacrylamide gel, and vis- 
ualized by autoradiography using Kodak (New Haven, 
CT, USA) X-OMAT film. 

Formalin test 

Nociception was evaluated by quantitation of nocifensive 
behavior using the formalin footpad test. 22 A dilute sol- 
ution of formalin (2.5%) was injected subcutaneously in 
the plantar aspect of the same foot that had received the 
viral inoculation, and the rats then placed into a 48 x 27 
x 20 cm plastic box positioned over a mirror tilted at a 
45° angle. Beginning 30 s after the injection of formalin, 
and once every 10 min thereafter, nocifensive behaviors 
were recorded by a blinded observer for 3 min; a 
weighted pain score was derived based on the amount 
of time the animal exhibited each behavior during the 
3 min period of observation. 22 The weighted pain score 
was plotted against time, and compared between control 
and treatment groups using a one-way ANOVA. Each 
animal was tested only once with formalin. There were 



17 animals in the control group, 10 animals in the group 
tested 1 week after vector inoculation, nine animals in the 
group tested 2 weeks after vector inoculation, five ani- 
mals in the group tested at 4 weeks and five animals in 
the group that was reinoculated at 4 weeks and tested 1 
week later. Three animals were tested with intrathecal 
naltrexone. 

Intrathecal injection 

The site of action of HSV-mediated analgesia was 
assessed through intrathecal injection of naltrexone in 
rats inoculated with either SHPE or SHZ. Seven days fol- 
lowing vector inoculation, rats were injected with 
20 nmol of naltrexone (Sigma) in sterile 0.9% saline via 
direct transcutaneous injection between the dorsal 
aspects of L5 and L6. 45 Five minutes later, nocifensive 
behavior was evaluated using the formalin test. 
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ABSTRACT To test the utility of gene therapeutic ap- 
proaches for the treatment of pain, a recombinant herpes 
simplex virus, type 1, has been engineered to contain the cDNA 
for an opioid peptide precursor, human preproenkephalin, 
under control of; the human cytomegalovirus promoter. This 
virus and a similar recombinant containing the Escherichia 
coli lacZ gene were applied to the abraded skin of the dorsal 
hindpaw of mice; After infection, the presence of 0-galactosi- 
dase in neuronal cell bodies of the relevant spinal ganglia 
(tocZ-cont aibing viriisf and of ti urban pr oenkephalin (pre- 
proenkephaliri-encoding virus) in the central terminals of 
these neurons indicated appropriate gene delivery and ex- 
pression. Baseline foot withdrawal responses to noxious ra- 
diant heat mediated by A6 and C fibers were similar in 
animals infected with proenkephalin-encoding and /3-gaIac- 
tosidase-encoding viruses. Sensitization of the foot withdrawal 
response after application of capsaicin (C fibers) or dimethyl 
sulfoxide (A5 fibers) observed in control animals was reduced 
or eliminated in animals infected with the proenkephalin- 
encoding virus "for at least 7 weeks postinfection Hence, 
preproenkephalin cDNA delivery selectively blocked hyperal- 
gesia without disrupting baseline sensory neurotransmission. 
This blockade of sensitization was reversed by administration 
of the opioid antagonist naloxone, apparently acting in the 
spinal cord. The results demonstrate that the function of 
sensory neurons can be selectively altered by viral delivery of 
a transgene. Because hyperalgesic mechanisms may be im- 
portant in establishing and maintaining neuropathic and 
other chronic pain states, this approach may be useful for 
treatment of chronic pain and hyperalgesia in humans. 



Information related to noxious thermal, mechanical, and 
chemical stimuli is transmitted from the skin and other pe- 
ripheral sites to the central nervous system by myelinated A5 
and unmyelinated C nociceptors (1). Both types of neurons 
synapse in the dorsal horn of the spinal cord onto various 
second-order neurons that either carry information to the 
thalamus and other brain centers' or synapse on other spinal 
neurons. Transmission of sensory information by both types of 
primary afferents is mediated predominantly by the excitatory 
amino acid glutamate. Additionally, C fibers appear to release 
the amino acid aspartate as well as a variety of neuropeptides, 
including substance P and calcitonin gene-related peptide (1). 

In the dorsal horn, application of exogenous opioids such as 
morphine or release of endogenous opioid peptides, including 
the enkephalins and dynorphin, activated either by descending 
or other sensory inputs that activate local circuit neurons, 
produces analgesia (2, 3). The actions of these endogenous 
opioid peptides appear to involve activation of jjl, 8 or k opioid 
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receptors, all of which are present in the dorsal horn (3, 4). 
These receptors are predominantly located on the presynaptic 
terminals of the primary afferents, although postsynaptic 
opioid receptors are also present (4, 5). These opioid receptors 
are coupled to G-proteins that inhibit adenylate cyclase, inhibit 
calcium channels, and stimulate potassium channels, thus 
tending to reduce neuronal responsiveness (3, 6, 7). 

Preproenkephalin A is one of three genes encoding endo- 
genous opioid peptides (8-10). Its product, proenkephalin, is 
synthesized in a wide variety of central and peripheral neurons, 
including substantia gelatinosa interneurons of the dorsal horn 
and in chromaffin cells of the adrenal medulla (11-15). Mice 
made deficient in preproenkephalin by knockout procedures 
display several altered responses to painful or threatening 
environmental stimuli (16). Although these mice do not dis- 
play altered spinal nociception by the tail-flick assay, their 
response to the formalin test was altered significantly, closely 
resembling that of naloxone-treated mice. These findings 
suggest that endogenous enkephalins do participate in the 
response to nociceptive stimuli. 

Several of the properties of herpes simplex virus type 1 
(HSV-1) make it an obvious candidate for gene delivery to the 
peripheral nervous system (for reviews, see refs. 17-19). First, 
the virus is neurotropic. Experimental infections in mice show 
that not only the trigeminal ganglia but also spinal ganglia 
neurons can be latently infected with human HSV-1 after 
inoculation of skin or internal organs. Second, in latently 
infected neurons, the viral DNA is maintained for the life of 
the host in an episomal form without replication and with little 
or no expression of viral proteins. Only one region of the 
genome is actively transcribed during this period, the latency- 
associated transcript. Third, the large size of the viral genome 
allows addition of 10-15 kilobases of DNA, adequate for 
introduction of most genes of interest. Fourth, the viruses are 
easily manipulated in tissue culture, although the time re- 
quired to construct and purify a recombinant virus is 3-6 
months. 

Expression of a variety of marker and other genes encoded 
by recombinant HSV-1 vectors has been demonstrated in vivo 
(20-22). In cells of the dorsal root and trigeminal ganglia 
(containing the cell bodies of sensory neurons), expression of 
transgenes under the control of strong constitutive promoters 
can persist for months despite little or no viral protein syn- 
thesis. This long-term expression has been observed with 
marker genes under control of the human cytomegalovirus 
immediate-early enhancer-promoter (22) and the Moloney 
murine leukemia virus long terminal repeat in combination 
with one of the two latency-associated transcript promoters, 
LAP1 (21, 23). The present study uses a recombinant HSV-1 
vector to deliver the human preproenkephalin (hPPE) gene to 
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sensory neurons. The results demonstrate that proenkephaJin 
is synthesized and processed to active opioid peptides in 
sensory neurons and that release of these peptides in the spinal 
cord is antihyperalgesic. 

METHODS 

Virus Construction. A cassette containing the human cyto- 
megalovirus immediate-early promoter/enhancer, SV40 in- 
tron, human preproenkephalin cDNA, and SV40 polyadenyl- 
ation sequence was cloned from plasmid pCMVhPPE (24) into 
pBluescript II SK(±) (Stratagene) containing an inserted lox 
P site. This plasmid was reacted with Cre recombinase in the 
presence of ICP4~ viral DNA containing a lox P site in the 
thymidine kinase locus, as described (25). The virus, desig- 
nated SHPE, was isolated on a complementing cell line and 
was purified by three rounds of limiting dilution (26). Virus 
SHPE was rescued by rein traduction of ICP4 DNA with 
selection on Vero cells, generating a recombinant vector 
designated KHPE. Southern blotting confirmed correct inser- 
tion of the proenkephalin cassette. KHPE-mediated expres- 
sion of proenkephalin was verified by infection of primary 
bovine adrenal chromaffin cells and BSC-40 cells followed by 
Western blotting with antiproenkephalin mAb PE-25 (27, 28). 

Animal Procedures. Animal procedures were approved by 
the University of South Carolina and University of Illinois at 
Chicago Institutional Animal Care and Use Committees. 
Female Swiss-Webster mice (5-6 weeks old; Harlan Breeders, 
Indianapolis) were used for all experiments. Animals were 
anesthetized with 400 mg/kg of tribromoethanol. The hair was 
removed from the dorsal surface of each hindfoot, and the skin 
was scarified by using medium-coarse sandpaper. Five micro- 
liters of viral suspension (0.5-1.0 X 10 s plaque-forming units) 
or vehicle then was applied to one foot and was spread by using 
the side of a pipettor tip. After ~10 min, when all of the liquid 
was adsorbed or evaporated, the animals were returned to 
their home cages. For killing, animals again were anesthetized 
with tribromoethanol (500 mg/kg) and were perfused by 
cardiac puncture with PBS followed by 4% paraformaldehyde 
in 0.1 M sodium phosphate buffer (pH 7.5). Dissected spinal 
cords with ganglia attached were incubated further in fixative 
for 1-2 h at 4°C. 

Histochemical Procedures. After washing three times with 
0.1 M sodium phosphate (pH 7.5), /3-galactosidase activity was 
visualized in mouse dorsal root ganglia by incubation in this 
buffer containing 2 mM MgCl 2 , 5 mM K4Fe(CN) 6 5 mM 
K 3 Fe(CN) 6 , 0.01% sodium deoxycholate, 0.02% Nonid'et P-40, 
and 1 mg/ml X-Gal (stock 20 mg/ml in dimethylformamide) 
at 37° for 20-24 h (20). For immunohistochemistry, the lumbar 
spinal cord was placed in PBS containing 30% sucrose for 24 h 
and thereafter was blocked in the transverse plane. Cryostat 
sections (40 /xm) were washed three times in PBS containing 
4% normal goat serum and 0.3% Triton X-100, then were 
incubated for 12 h with gentle agitation at 4°C with a 1:500 
dilution of mouse mAb PE-24. Antibody PE-24 binds to amino 
acids 175-185 of the human preproenkephalin sequence (28) 
and does not cross-react with either rat or bovine preproen- 
kephalin as bacterially expressed products (B. A. Spruce, 
personal communication). As a control, other sections were 
processed in parallel without primary antibody. Sections were 
incubated further in a 1:50 solution of Texas Red-conjugated 
goat anti-mouse (The Jackson Laboratory) in PBS for 1 h in 
the dark (22°C) with constant agitation. The sections then were 
washed three times with PBS and were incubated with a 
Met-enkephalin antibody (Peninsula Laboratories; 1:250 so- 
lution prepared as for PE-24). After 12 h, the sections were 
washed three times in PBS and were transferred to a 1:50 
solution of sheep anti-rabbit FITC (The Jackson Laboratory) 
for 1 h in the dark. The sections were washed three times in 
PBS, were mounted on gelatin-coated slides, were air dried, 



were coverslipped with Fluoromount, and were examined 
under epifluorescence. 

Behavioral Testing. The foot withdrawal response to nox- 
ious radiant heat previously used for rats (29) was adapted for 
use in mice. Mice were anesthetized lightly with 600 mg/kg 
urethane and were examined for the time required for foot 
withdrawal after thermal stimulation of the dorsum of the 
hindpaw. Animals were tested both at low rates of heating, 
stimulating predominantly C nociceptors, and high heating 
rates, mainly stimulating A5 nociceptors (30, 31). Where 
indicated, sensitization of C-fiber, low heating-rate responses 
was achieved by topical application of 20 /xJ of 0.1% capsaicin 
(in H 2 0/ethanol; 50/50 vol/vol) to the infected foot (30). In 
other experiments, A5 nociceptors were sensitized with topical 
dimethyl sulfoxide (100%), which produces a decrease in 
response latency for the high but not low rate of foot heating 
(31). In most experiments, after determining response laten- 
cies, either 50 mg/kg naloxone (i.p.), 1.0 mg/kg naloxone 
(intrathecally), or a comparably delivered vehicle was admin- 
istered to determine whether endogenous release of opioid 
peptides mediated any difference observed in response laten- 
cies between different groups of animals. Analysis of variance 
demonstrated that responses of animals not infected with virus 
were identical to those infected with the KHZ virus in all 
experiments. Analyses of variance also were performed to 
determine whether responses of animals infected with the KPE 
virus were different from those that had been infected with the 
KHZ virus. Follow-up analyses (Tukey) were performed to 
determine whether latencies at various time points were 
significantly different between groups, including after sensiti- 
zation and after application of naloxone. 

RESULTS 

A recombinant HSV-1 vector was constructed to express the 
human preproenkephalin cDNA under the control of the 
human cytomegalovirus immediate- early promoter/enhancer 
(Fig. 1). This virus, designated KHPE, contains the promoter- 
transgene construct inserted into the viral thymidine kinase 
gene. This insertion of transgenes into the thymidine kinase 
gene inactivates the viral gene (32) and disables viral replica- 
tion in nondividing cells such as neurons (33). A similar 
recombinant virus, designated KHZ, containing the E. coli 
lacZ gene in place of the human preproenkephalin cDNA also 
was used (34, 35). Expression of /3-galactosidase in sensory 
neurons of mouse dorsal root ganglia was examined after 
infecting animals on the dorsal skin of the hindfoot with KHZ. 
At 4 days postinfection, KHZ-infected animals exhibited his- 
tochemical reactions for 0-galactosidase in 20-100 cell bodies 
in the L3-L5 ganglia ipsilateral to the infection (Fig. 2fl), with 
occasional staining in the L2 ganglion. Similar levels of ex- 
pression were observed at 2 weeks postinfection (results not 
shown). At 5-6 weeks postinfection, both the number and 
intensity of staining for /3-galactosidase was reduced in KHZ- 
infected animals (Fig. 2Q, indicative of reduced enzyme 
expression, between 10 and 25% of that observed at 4 days. 




Fig. 1. Schematic representation of recombinant herpes virus 
KHPE. See Methods for virus construction. UL, unique long segment; 
US, unique short segment; hCMV-P, human cytomegalovirus imme- 
diate-early promoter/enhancer; hPPE, human preproenkephalin 
cDNA; PA, simian virus 40 polyadenylation sequence. 
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Fig. 2. Histochemical staining for HSV-1 vector-mediated 0-ga- 
lactosidase expression in mouse dorsal root ganglia. Swiss- Webster 
mice (6 weeks old) were infected, where indicated, with 5 X 10 7 
plaque-forming units of virus. Staining in the ipsilateral L3 ganglia is 
shown. (A) Animal with no virus infection. (B) Animal infected with 
virus KHZ and killed 4 days postinfection. (C) Animal infected with 
virus KHZ and killed 40 days postinfection. 

Expression of 0-galactosidase at 10 weeks postinfection was 
similar to that at 5-6 weeks (results not shown). 

Expression of human proenkephalin in the mouse spina] 
dorsal horn and axons of sensory neurons in nerve roots after 
infection with virus KHPE was detected by using a human- 
specific mAb directed against proenkephalin (Fig. 3 A-C). 
Human proenkephalin immunoreactivity was observed in pri- 
mary afferent axons in dorsal roots (Fig. 3/4), in axons invading 
the dorsal horn (Fig. 3B), and in primary afferent terminals in 
the substantia gelatinosa of the dorsal horn (Fig. 3Q. In all 
cases, human proenkephalin immunoreactivity was restricted 
to the side ipsilateral to the infection. Some of the proen- 
kephalin terminals were also immunoreactive for the fully 
processed peptide neurotransmitter Met-enkephalin (Fig. 3D). 

Animals infected with recombinant viruses KHZ and KHPE 
also were evaluated for effects on foot withdrawal responses 
evoked by noxious radiant heat in normal and hyperalgesic 
mice. This method uses different rates of noxious skin heating, 
which allows separate assessment of behavioral responses 
produced by the activation and sensitization of myelinated 
(A5) or unmyelinated (C) nociceptors. Specifically, high-rate 
heating (6.5°C/min) and topical dimethyl sulfoxide preferen- 
tially activate and selectively sensitize A5 nociceptors whereas 
low-rate heating (0.9°C/min) and topical capsaicin selectively 
activate and sensitize C fiber nociceptors (29-31, 36). Animals 
were infected with virus on the depilated and scarified dorsal 





Fig. 3. Immunohistochemistry of HSV-1 vector-mediated expres- 
sion of human preproenkephalin in mouse dorsal roots and spinal 
cord. (A) Human proenkephalin (PE-24) immunoreactivity in dorsal 
root axons of a left dorsal rootlet visualized with Texas Red. Dorsal 
is down, medial (toward cord) is to the right. (Bar = 100 pun.) (B) 
Human proenkephalin immunofluorescence in primary afferent axons 
at the dorsal root entry zone of the dorsal horn ipsilateral to the 
original infection. Dorsal is up, medial is to the left, and the edge of 
spinal cord is to the right. (Bar - 100 jxm.) (C) Human proenkephalin 
immunofluorescence in primary afferent terminals (arrow) in the 
inner substantial gelatinosa. Dorsal is up, and medial is to the right. 
(Bar = 20 fim.) (D) Met-enkephalin immunoreactivity in the same 
afferent terminals as in C (arrow) visualized with fluorescein. Area is 
chosen for relative paucity of Met-enkephalinergic terminals. (Bar = 
20 pan.) (£) Lack of human proenkephalin (PE-24) immunoreactivity 
in dorsal horn at right dorsal root entry zone contralateral to the 
original infection visualized with Texas Red. Dorsal is up, and the 
outside of the cord is to the right. (Bar = 100 /un.) 

skin of the hindfoot and were tested for foot withdrawal 
latency to both high and low rates of heating between 1 and 6 
weeks postinfection. Results from this testing are shown in Fig. 
4. Baseline latencies for both rates of heating were similar for 
animals infected with KHPE or KHZ and were similar to 
latencies recorded for uninfected animals. In uninfected mice 
and in mice infected with KHZ, application of capsaicin 
sensitized C nociceptors (Fig. 4 A and B) but not AS nocicep- 
tors (results not shown), as evidenced by significantly (P < 
0.05, ANOVA) reduced foot withdrawal latencies (30). In 
contrast, mice infected with KHPE exhibited no such sensiti- 
zation (P > 0.05, ANOVA). In a similar manner, the selective 
reduction of A8 nociceptor-mediated responses induced by 
application of dimethyl sulfoxide was blocked by infection with 
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Fig. 4. Foot withdrawal responses to noxious radiant heat. Ani- 
mals were infected unilaterally with either KHZ or KHPE. Topical 
capsaicin (A, B t and Q or DMSO (C) was applied to the infected foot 
as indicated. Data are presented as mean ± SEM, n = 6-8. (A) 
Response to a low rate of skin heating, preferentially activating C 
nociceptors. , KHZ-infected animal, ipsilateral foot; ■, KHPE- 
infected animal, ipsilateral foot. (B) Response to a low rate of skin 
heating. Naloxone (50 mg/kg i.p.) was administered where indicated. 



KHPE (Fig. 4C), as evidenced by the significant difference 
(P < 0.05, ANOVA) between KHPE-infected and KHZ- 
infected animals. This blockade of both A5 and C fiber- 
mediated hyperalgesia in KHPE-infected animals was ob- 
served at all times examined, although it appeared more robust 
at 4 and 6 weeks than at 1-2 weeks after infection (results not 
shown). In some cases, a reversal of sensitization appeared only 
after an initial hyperalgesic response (Fig. 4D). 

Systemic administration of the opioid antagonist naloxone 
(50 mg/kg, i.p.) partially (C-fiber response) or completely 
(AS-fiber response) restored sensitization in KHPE-infected 
animals but had no effect on KHZ-infected or mock-infected 
animals (Fig. 4 B and C), indicating at least partial opioid 
mediation of the observed antihyperalgesic effects. Intrathecal 
administration of naloxone (1.0 mg/kg) also completely re- 
versed the KHPE-induced blockade of sensitization for C 
fiber-mediated responses (Fig. 4D), indicating that at least part 
of the antihyperalgesic effect of the virus was mediated by 
spinal release of opioids. Naloxone administration in KHPE- 
infected or KHZ-infected animals without prior sensitization 
was without effect (not shown). 

DISCUSSION 

The present results demonstrate prolonged, herpes-mediated 
expression of transgenes in mouse sensory neurons. Although 
expression of 0-galactosidase at 5-6,weeks postinfection was 
reduced to levels 10-25% of those observed at 4 days, expres- 
sion was observed without further, diminution up to 10 weeks, 
the longest time 1 tested. A similar time course of transgene 
expression has been reported by others (22). The finding that 
the human cytomegalovirus immediate-early promoter/ 
enhancer drives expression of transgenes, both acutely and 
after establishment of latency, confirms previous studies (22) 
on the utility of this promoter for expression in sensory 
neurons. Although a number of other promoters have been 
tested for acute and prolonged expression in the murine 
sensory neurons, the only other promoter demonstrated to 
maintain transgene expression during viral latency in vivo is the 
Moloney murine leukemia virus long terminal repeat (20, 21 
23). 

The results also demonstrate that infection of peripheral 
endings of sensory neurons with recombinant HSV l encoding 
a neuropeptide precursor, human proenkephalin, results in 
synthesis and processing of this precursor in mouse sensory 
neurons. A similar viral construct that results in opioid peptide 
synthesis in primary afferents was reported while this work was 
in progress (37). The presence of both the precursor and 
processed enkephalins in central terminals of the primary 
afferents (Fig. 3) shows production of biologically active 
transgene products (8-15). The results further demonstrate 
that infection of cutaneous nociceptive afferents with a proen- 
kephalin-encoding HSV-1 produces opioid-mediated antihy- 
peralgesia without affecting basal nociceptive responses. This 
finding has been confirmed with two additional viral recom- 
binants encoding proenkephalin (S.P.W. and D.C.Y., unpub- 
lished work). In contrast, animals that received infections of a 
/<zcZ-containing HSV-1 did not show any changes in their 
nociceptive responsiveness. These data clearly suggest that 



•, KHZ-infected animal, ipsilateral foot; ■, KHPE-infected animal, 
ipsilateral foot; □, KHPE-infected animal, contralateral foot (no 
capsaicin applied). (C) Response to a high rate of skin heating, 
preferentially activating A8 nociceptors. KZ-infected animal, ipsi- 
lateral foot; KHPE-infected animal, ipsilateral foot; uninfected 
animal. (D) Response to a low rate of skin heating. Naloxone (1 mg/kg 
intrathecally) was administered where indicated. KHZ-infected ani- 
mal (solid line): ipsilateral foot; O, contralateral foot (no capsaicin 
applied). KPE-infected animal (broken line): ■], ipsilateral foot; 
contralateral foot (no capsaicin applied). 
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viral introduction of the human proenkephalin cDNA into 
nociceptive primary afferents alters the responsiveness of both 
C and A 8 afferents to stimuli which would normally produce 
hyperalgesia. 

The mechanisms by which the observed antihyperalgesia 
occurs are not clear however. Blockade of the effects of the 
proenkephalin-encoding virus by intrathecal naloxone sug- 
gests that observed antihyperalgesic effect is mediated by the 
release of opioid peptides from the central terminals of the 
primary afferents, although involvement of peripheral opioid 
receptors cannot be excluded (38). In this way, the observed 
opioid-mediated antihyperalgesia mimics the well known ef- 
fects of endogenous or intrathecally administered enkephalins 
(2-4). However, the lack of effect on basal foot withdrawal 
responses suggests that the opioids effecting the antihyperal- 
gesia may not be tonically released in the infected animals but, 
rather, may be released only when there is a substantial 
activation of the afferents. In support of this is the finding that, 
in KHPE-infected animals that were not exposed to capsaicin 
or DMSO, naloxone did not alter response latencies as would 
be expected if opioids were being released tonically. It is also 
interesting to note that the dosages of naloxone given were 
quite high, possibly indicating a nonspecific effect. Preliminary 
experiments indicated that such high doses were necessary to 
reverse the antihyperalgesia. If enkephalins were being re- 
leased very near to presynaptic terminals, high doses of 
antagonists might be necessary to block the locally high 
concentrations of the peptides. 

Several issues raised by these studies will require further 
study. For example, the specific site, presynaptic versus 
postsynaptic, at which the opioid peptides act is unclear. 
Presynaptic opioid effects have been demonstrated for both AS 
and C fiber-mediated responses (see refs. 5 and 6). Taken 
together with these previous findings of presynaptic opioid 
effects, the results are consistent with at least part of the 
antihyperalgesic effects resulting from autoinhibition of noci- 
ceptive afferents at the presynaptic terminals. A second ques- 
tion raised is that of the development of opioid receptor 
tolerance. Although our results suggest that enkephalin release 
depends on afferent activity, development of tolerance could 
be problematic during long periods of nociception. We are 
currently investigating this possibility. 

An issue raised by these results is the apparent lack of a 
direct correlation between marker transgene expression and 
the behavioral effects. Expression of 0-galactosidase in the 
dorsal root ganglia of KHZ-infected rats decreases by at least 
75% from 4 days to 6 weeks postinfection. Although the 
antihyperalgesic effects of jpiPE were observed as soon as 4-5 
days postinfection, the reproducibility and magnitude of these 
effects appeared to increase over at least the first 2 weeks and 
remained [*robust'"untfl at least 7 weeks postinfection (the : 
longest: time tested). Several factors could account for this 
apparent discrepancy including (i) the time required for com- 
plete healing of the viral inoculation site, (if) the time required 
to synthesize and transport an adequate number of vesicles 
containing proenkephalin products to the nerve terminals, (iii) 
modulation of sensory function by very low levels of proen- 
kephalin products, or (iv) proenkephalin-induced plastic 
changes in the sensory neurons. Further studies will be re- 
quired to examine possible plastic changes. Even the lower 
levels of transgene expression observed (Figs. 2 and 3) at 4-6 
weeks may be adequate to maintain peptide stores in these 
neurons in which turnover may be low in the absence of robust 
stimuli. If future work demonstrates that the antinociceptive 
effect also diminishes over greater time periods than that 
tested, it will be of interest to determine whether reinfection 
will demonstrate effects similar to the original infection. 

The results of the present study are exciting because they 
imply that, by viral delivery of a transgene, the function of 
sensory neurons can be selectively altered. In this case, hyper- 



algesia was blocked without altering baseline nociception. If 
the neuropeptide precursor proenkephalin is being synthe- 
sized, processed to active peptides, and stored in secretory 
vesicles in the infected sensory neurons, as the present studies 
seem to suggest, a pool of releasable enkephalins will exist in 
the terminals of these neurons, possibly stored with other 
nociceptive neuropeptides, including substance P and calcito- 
nin gene-related peptide. Basal release of the transgene prod- 
ucts should be minimal; vesicular storage, probably in large 
dense-core vesicles, would limit enkephalin release to those 
instances of high-level or persistent stimulation necessary to 
evoke peptide release. 

These observations further suggest that KHPE or a similar 
recombinant herpes virus may be useful for treatment of 
chronic pain in humans. Hyperalgesia, which may be important 
in establishing and maintaining neuropathic and other chronic 
pain states, was selectively blocked by infection with this 
proenkephalin-encoding virus. Advantages of this type of gene 
therapy would include precise anatomical targeting of the 
specific nociceptors transmitting pain impulses, the lack of 
systemic opioid adverse effects, and a long (weeks to months) 
duration of action. In addition, it appears that normal sensory 
transmission would not be disrupted when persistent and 
robust pain sensitization are absent. 
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